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Global warming is one of the most challenging problems facing societies these days, 
and it is known to be caused by the increasing emissions of Green House Gases 
(GHG's), mainly CO2, from various human activities. To solve such problem, or at 
least minimize its effects, several actions have been considered. One of these actions 
is carbon capture, which has many different options and techniques. This research 
focuses on the capture of CO2 through reactions with steel-making residues, an 
alkaline solid by-product of the steel-making process.  The aim is to sequester CO2 
and form carbonates, which are chemically more stable form of the solid waste. The 
reaction was carried out in a fluidized-bed reactor that provided good interaction 
between CO2 and the solid residue with low operational cost. Minitab facilities were 
used to design a set of experiments and get a statistical model that describes different 
behaviors of responses such: CO2 efficiency, CO2 capture percentage, T.D.S. and 
leachability. These responses were governed by parameters such as: flow rate of CO2 
gas, particle size, initial amount and type of the residue, in addition to the moisture 
bed percentage. The effluent gas was analyzed for CO2 and the solid product was 
characterized using TGA, XRD, SEM and ICP. Three types of solid residues were 
used in the study: Cyclone Silo Dust, LF Slag and Bag House Dust. The maximum 
capture percentage was observed when using Bag House Dust (BHD), with 0.2 kg-
CO2/ kg residue, based on the Ca-content, at a gas flow rate ratio to the minimum 
fluidization velocity (Us/Umf) of 1.5, a bed mass of 1.5 kg, an average particle size of 
150 μm, and a bed  moisture content of 3%. 
 
Keywords: Mitigation of CO2 Emissions, Mineral Carbonation, Steel-making 
Residues, Carbon Dioxide Capture, Storage and Sequestration, Fluidized-bed 







Title and Abstract (in Arabic) 
 
 ثاني أكسيد الكربون بواسطة مخلفات صناعة الحديد في مفاعل الحشوة المميعة جازحتا
 صالملخ
رلمرمرلمشروميررلكمشبل ر مم  ةر م       تعتبر مشكرة امحتبتبرلحمحرير حكلمشكرة امخلررةراما ةر ممر
ررلمصر ر مسر بلمخ رربم ريامح   ررل م حرةل  رل محريةررام شبل ر ممخ ربمحربةلررامخ ربمكرر حمحرةؤثرسلمش
أكممحألسبلبم كحءمك همحرركة امإربمحزدصلدمحت بعلثمر غلزح محردفةلامحرتيمتيبسمم تعزى.محألا ى
سلكعم ك لءمحربةلام بعضمحرجمل محرخل ام حريةؤشةام.مدحالمحرغالفمحرجؤلمرألكض حري حكم
إبردىمأكرممكر هم.مإربمحتخلذمحج حءح مر تق ةلم حريدمشومك همحآلرلكم برخت ر محرؤسرل لم حألسرلرةس
ر المبكرةلمأسلسريممبغرلزمررل يمأث رةدمحرة برؤ مشرومحب:محرؤسل لمكي تجلزمحرة بؤ م شكرتقلت مشت
شصرلدكمح بعلرر لم ثرل مك رلمد كمحرع رؤةمحرت بةقةرامبلسرت رلكحرربلدفمحألسلسرةام حرر رلكةممحرع رةرام
كر همحر سرلرامت رلكمم.م تؤظة ملم حبتةلكمحرتق ةل محرتيمشوم أ ملمت عةلمت كمحرغلصام بكرتبمحر ر  
 حمحرربدأمخ بم حبدممشروم قدمتممت بةقمك.ميمث ب امحررعلد كدمشومك همحرتق ةل لم  حبمفيمإظملك
بةر مصرتممحسرتخدحةم.مأضخممحرص لخل مفيمد رامح شلكح محرع بةامحررتيدملم كيم ر لخامحريدصرد
رلدممأ رةرامتبتجرلزم رلزمررل يمأث رةدمحرة برؤ م تيؤرر مإرربمش ثبرل م ابر محريدصردم شخ  لتر مث
ت لخرلمحألثلسرةدمحررعد ةرامحررؤجرؤدممبة ر ممفريمت ركمحررخ  رل لم اصؤ رلمحرة بؤ ل مشومااللم
 خردحدمتصررةممحرتجرلكبم شرومررممتي ةرلم تل جمرلمب رلءمم(Minitab)تممحستخدحةمب  لشجم.محرةلر ةؤة
 تممحاتةلكمخددمشومحرعؤحشلمحرر ر ممردكحستملم دكحسامشدىمفعلرةتملم.مخ بمحري لبل محتبصل ةا
ترممدكحسرامأرر مشعردلم:محرتيمت رتجةسمرت ركمحرعؤحشرللمفع ربمسربةلمحرر رللخ بمخددمشومحرريددح م
حرتدفقمر غلزم قةلحمق ر مدقرل قمحريكرؤممحرر رتخدشام ثت تمرلم  ؤخمرللميرلككرلمخ ربم  ربامتةرؤ م
رؤحدمحرصر بامحر ح برامرري رؤلمشرومت ركمحررخ  رل مبعردمإجر حءمحرت لخرل ترمم.محرة بؤ رل م شيترؤىمحر
رةتممحرت لخلمدحا  مخب متر ص م رلزمش ثرسمشروم رلزمررل يمأث رةدممحاتةلكمش لخلمحريكؤممحرررةعا
رلز مخرللم بة  رامتكرغة ةام%مم01شعم%مم01حرة بؤ مب  بام شومحرمؤحءلم ذركمر يصؤلمخ بمت
 بلر  بامرقةلحمت ثةزمحرغلزمحرخلك مشومحرر لخللمتممحستخدحةمجملزمقةلحم رلزمررل يمأث رةدم.مأقل
 بعرردكلمتررتممشعلرجررامحربةل ررل م.م(Labview)برر مب  ررلشجمحرة بررؤ محرر بررؤ مشررعمحريلسررسمحآلررريمخ
 قدمحستخدشتمخددمشومأجمزممحرتي ةلمحررخب صامر يصؤلمخ بم ترل جم.م إخدحدمحري لبل محرالزشا
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Chapter 1: Introduction 
 
1.1 Global Warming and Climate Change 
In 1988, Intergovernmental Panel on Climate Change (IPCC) was established 
by World Meteorological Organization (WMO) and United Nations Environment 
Program (UNEP) to assess scientific, technical and socio-economic information 
relevant for the understanding of climate change, its potential impacts and options for 
adaptation and mitigation. There are three IPCC working groups: the Physical 
Science Basis group, Impacts, Adaptation and Vulnerability group, Mitigation of 
Climate Change group. Each group publishes three separate reports that together 
make up the total report (IPCC, 2016; Warming, 2016). 
Simply, Climate Change refers to any change in climate over comparable 
time periods, whether is attributed directly or indirectly to natural variability or as a 
result of human activities. It describes the variability or average state of the 
atmosphere or average weather over time scales (Warming, 2015). 
The obvious observation of climate change is Global Warming, also known 
as the "greenhouse effect". It is the phenomenon, described as the greatest 
environmental challenge in the 21
st
 century, where the average global temperature of 
the Earth's near surface, air and oceans increases. According to IPCC, the increase in 
globally averaged temperatures since the mid-20
th
 century observed is very likely 
due to the increase in anthropogenic (as a result of human activities) greenhouse 
gases (GHG's) emissions, like CO2, CH4, N2O and other gases from different 
sources, which trap heat in the atmosphere and then lead to the warming of the 
Earth's surface and lower atmosphere (Ahmad & Hossain, 2015; Akorede, Hizam, 






To mitigate climate change, a lot of different activities have been developed. 
The latest international activity with attempt to introduce legally binding constraints 
on greenhouse emissions has been called Kyoto Protocol (Kyoto Protocol to the 
Convention on Climate Change, Kyoto, Japan, on 11 December 1997). The intention 
of the protocol is to legally bind emission targets for industrialized countries. The 
emissions of different greenhouse gases can be converted into carbon dioxide 
equivalent emission by multiplying them with their GWP (global warming potential).  
Kyoto Protocol 1997 defined carbon dioxide as the greatest contributor among the 
greenhouse gases and limited its emissions (Ahmad & Hossain, 2015). In the 
following only CO2 emissions are regarded, as they are a direct consequence of 
energy requirements in the different processes of metal making (Orth, Anastasijevic, 
& Eichberger, 2007). 
Observations show that the global surface temperature has risen by 0.74 °C 
during the twentieth century, and the warming trend accelerated in the last 50 years. 
Rising global temperatures have been accompanied by changes in weather and 
climate. Significant changes have been seen in many regions such: melting of snow 
and ice, rising global average sea level that have led to more floods, droughts, as well 
as more frequent and severe heat waves. The planet's oceans and glaciers have also 
experienced noticeable changes through melting. The Arctic sea ice extent has been 
contracting and reached a new historical low in 2012. If these changes become more 
pronounced in the future, they would likely have more serious impacts on our 
ecosystems, environment and society (Feng et al., 2014). 
Leaders of governments started discussion about that deep problem trying to 






shared their knowledge and skills to provide and suggest many technologies, 
techniques, methods and ways to minimize emissions of those gases. 
 
 
Figure 1.1: Global Temperature Increase Based on Different Measurements 
Source: https://ourchangingclimate.wordpress.com/category/english/climate-science/ 
 
The United Nations Framework Convention on Climate Change (UNFCCC) 
was signed by about 150 countries in Rio de Janeiro in June 1992, with the objective 
to stabilize GHG's concentrations in the atmosphere at a level of less risky to the 
climate. Through the Revised IPCC Guidelines for National Greenhouse Gas 
Inventories in 1996, and The Kyoto Protocol in 1997, An international and legally 
binding agreement signed by 175 countries. The aim was to reduce (GHGs) 
emissions worldwide, especially of developed nations by the year 2012. Through this 
agreement the companies of the developed countries were blamed as the environment 
polluters and the main GHG emitters
 







Industries all over the world highly depend on the burning of fossil fuels to 
run their production consequently, increasing carbon emissions, which is then cited 
to be the principal immediate cause of global warming (Ahmad & Hossain, 2015; 
Dutta & Radner, 2009). 
Atmospheric CO2 concentrations were about 270–280 ppm, before the 
Industrial Revolution. While they recently reached at levels above 380 ppm, about 
1.5 ppm annually. IPCC predicts that by 2100, global sea levels will probably have 
risen by 9 - 88 cm and average temperatures by 1.5 - 5.5 ºC under the assumption if 
Business goes as usual. Generally, warming is greater over land than over oceans 
because water is slower to absorb and release heat, thermal inertia, because of the 
larger effective heat capacity of the oceans and because the ocean loses more heat by 
evaporation (Dutta & Radner, 2009). 
The Environment Agency - Abu Dhabi (EAD) was established in 1996 to 
preserve Abu Dhabi’s natural heritage, protect the future and to raise awareness 
about environmental issues. Abu Dhabi is the largest emirate of the United Arab 
Emirates (UAE) in area, population and business activities. EAD is the 
environmental regulator and advisor of Abu Dhabi's government on environmental 
policy. It works to create sustainable communities, protect and conserve wildlife and 
natural resources. It has also direct activities to ensure integrated and sustainable 
water resources management, in addition to ensure clean air and minimize climate 
change and its impacts (EAD, 2012).  EAD decided to conduct a GHG inventory for 
the Abu Dhabi Emirate, in line with the international commitment to the UNFCCC 
according to international procedures and guidelines of the IPCC, and in action to the 
Abu Dhabi environmental baseline and strategic priority for air quality through: 






estimation of emissions and reporting. The target sectors are energy, industrial 
processes and product use, land-use change and forestry, agriculture, and waste. 
EAD believes that significant reductions in emissions are feasible, and gives 
real advantages to the Emirate in aiming to achieve them through both mitigation and 
adaptation activities. 
 To ensure that Abu Dhabi achieves significant GHG reductions in the mid-
term, there are already existing or draft strategies, such: 
a) ADNOC Strategic Health, Safety and Environment (HSE) Objectives, 
including elimination of hydrocarbon flaring, and optimization of 
land, energy and raw materials utilization within the oil and gas 
industry. 
b) Masdar initiative. 
c) The Ecological Footprint Initiative (Al Basma Al Beeiyah). 
d) Estidama Initiative on green building codes for new residential and 
commercial construction. 
e) Abu Dhabi Energy Policy that contains a 7% renewable electricity 
capacity target by 2020, nuclear power generation, and demand side 
management schemes. 
f) Abu Dhabi Environment Vision 2030, Abu Dhabi Economic Vision 
2030, Abu Dhabi Plan 2030, Waste Management Strategy. 
It is encouraging to note that the Dubai Carbon Centre of Excellence recently 
launched a similar project for the Dubai Emirate. Such efforts will facilitate 
development of an emirate-scale estimate, analysis and impact assessment of global 
change, which will lead to reliable regional climate change projections or modeling 






1.2 Mitigation of CO2 Emissions 
To mitigate the combined effects of change and contaminants, increasing 
awareness among ecosystem and coastal zone managers and decision makers about 
the implications of changes that have already occurred and ones that seem reasonably 
certain to occur in the coming decades. In particular, research on contaminants and 
climate change must be conducted with better communication between these two 
disciplines and, especially, research needs to focus on interactions to provide a better 
basis to understand and predict how on-going and future climate changes may affect 
risks from chemical pollution. 
Increased public awareness of the threats posed by global warming has led to 
greater concern over the impact of anthropogenic carbon emissions on the global 
climate. The current level of CO2 in the atmosphere is approaching 380 ppm (Feely 
et al., 2004). 
Experimental studies, modeling and time series are needed to test various 
scenarios concerning transport, transfer and cycling of chemical pollutants and to 
assess the counteracting effects on important species including the impact on their 
well-being/fitness, and the potential effects on populations/ecosystems (Schiedek, 
Sundelin, Readman, & Macdonald, 2007). 
Climate change induced by global warming is a result of an excess of energy 
at the earth’s surface due to the greenhouse effect. But a new energy management 
can reverse the situation taking advantage of the greenhouse effect to produce 
renewable energy. In fact, both the renewable energy and the energy consumed 
which are not dissipated into heat are subtracted from the excess of energy produced 






The problem of global warming cannot be resolved with a policy of 
encouraging innovation in clean energy. Carbon pricing is essential. Without carbon 
pricing, innovation can easily make the global problem worse even in the long run, 
through its impact on endogenous prices of fossil fuels and the interaction with 
feedback effects in the carbon cycle. The perverse warming effect of innovation 
works through the greater intensity of fossil fuel consumption and earlier and more 
intensive release of carbon emissions. When feedback effects in the carbon-
temperature dynamics are strong and the wait for beneficial displacement effects is 
long, the perverse effect will dominate. The long run green paradox is very plausible 
given current evidence on climate dynamics and oil and gas reserves (Winter, 2014). 
With the new climate negotiations that started in 2005 after the entry into 
force of the Kyoto Protocol, the international climate community has begun to assess 
a range of possible options for strengthening the international climate change effort 
beyond 2012. In order to support debate about how to configure post-2012 climate 
policy, many institutions and consultants have surveyed and encompassed many 
proposals which have been either published or publicly presented in recent years. 
Climate change has widely been attributed to the increase in greenhouse 
gases in the atmosphere as a result of human activity. One option that has reliable 
effect on reducing atmospheric emissions of CO2 is carbon dioxide capture, 
sequestration and storage. Mineral carbonation involves the capture of carbon 
dioxide in a mineral form by its reaction with alkaline materials, composed of 
calcium and magnesium-rich oxides and silicates, leading to the formation of solid 
carbonate products. The principal aim and advantage of this approach is the Geo-






Carbon cycle is a nature cycle among the Earth’s atmospheric, oceanic and 
terrestrial systems. Therefore, the fate of CO2 in the atmosphere is a function of 
complex biogeochemical processes. Primary understanding about the carbon cycle is 
enough to recognize that natural processes like oceanic uptake of CO2 and soil and 
biotic storage can buffer, to some extent, the rate of increase of CO2 in the 
atmosphere (Falkowski et al., 2000). 
1.3 CO2 Capture, Storage and Sequestration 
Carbon capture and storage (CCS) is the capture and diversion of CO2 from 
large point sources such as power plants and subsequently storing it safely instead of 
releasing it into the atmosphere. It could be saved in underground geological 
formations, such as saline aquifers, depleted oil and gas fields, coal seams, deep 
ocean, or as carbonate minerals. The application of CO2 capture and subsequent 
geological storage is a promising option to significantly reduce the GHG emissions 
of coal-fired power plants. The CCS technology has three components, namely 
capture, transportation and long-term storage. Capture is defined as the physical 
removal of carbon dioxide that would have otherwise been emitted into the 
atmosphere. 
Transportation is required to convey CO2 from power plant sites to suitable 
storage locations. Given the quantities of CO2 that are likely to be captured from 
coal-fired power plants, pipelines have been suggested the most likely mode for 
transporting the captured gas to geologic sequestration sites. Long-term storage 
requires permanent sequestration of CO2 to prevent the captured emissions from 
entering the atmosphere. The ability to handle large amounts of CO2 injections 






thickness, and permeability of a given formation. Currently, deep saline aquifers and 
depleted oil and gas fields are seen as the most likely candidates for long-term 
storage. Other types of geological formations are currently under investigation, in the 
meantime. 
Mineral carbonation is employed to get more than only one goal as a method 
to capture CO2, but also to stabilize the reactivity of mineral wastes released from 
mineral industries, and then permanently sequestration with no need for post-storage 
surveillance and monitoring (W. J. J. Huijgen, Witkamp, & Comans, 2006; Mun & 
Cho, 2013a, 2013b; Olajire, 2013). Norway, the first country to embark on storing 
CO2, has been able to cut its emissions by almost a million tons annually, which is 
equivalent to about 3 percent of the country’s 1990 levels (Akorede, et al., 2012). 
1.4 Steel-making Industry 
Iron and steel making industry is one of the most energy-intensive industries, 
consuming 5% of the world's total energy consumption, and emitting 3%- 4% of total 
world greenhouse gas emissions. Enhancing energy efficiency could be a short-term 
approach for the steel industry' to reducing greenhouse gas emission (Xu & Cang, 
2010). In comparison with the electricity and heat sector, there are still relatively few 
studies on CO2 abatement in the steel industry. The above studies have provided a 
comparative normative research framework for GHG abatement based on the 
specific production process characteristics in the steel industry and some major 
mitigation options have also been identified and evaluated. However, the results of 
these studies are not consistent and are not enough to support the debate of post-






Any modern integrated steel plant nowadays will produce about 90-100 kg of 
steel slag per ton of steel in its LD/converter process during the refining of hot metal 
from the blast furnace. About 10%-15% by weight of produced steel, significant 
amounts of alkaline solid residues were generated, depending on the characteristics 
of the manufacturing process.(Morone, Costa, Polettini, Pomi, & Baciocchi, 2014). 
By-products of steel production processes are widely available class of industrial 
waste materials that can potentially benefit from mineral carbonation through the 
reduction in basicity (pH), stabilization, and reduction of metals leaching. Because of 
high CaO content, steel making residues were employed to CO2 sequestration (W. J. 
J. Huijgen & Comans, 2006). 
Large amounts of various slag are produced as byproducts in metallurgical 
processes or as residues in incineration processes. According to the origins and the 
characteristics, the main slag can be classified into three categories, namely ferrous 
slag, non-ferrous slag and incineration slag. They usually contain a quantity of 
valuable metals except for BF slag. Recovery of metals from the slag and utilization 
of the slag not only can save metal resource, but also can protect the environment 












Figure 1.2: Utilization of Steel Slag (Shen & Forssberg, 2003) 
 
By applying mineral processing technologies, such as crushing, grinding, 
magnetic separation, eddy current separation, flotation and so on, leaching or 
roasting, it is possible to recover metals such as Fe, Cr, Cu, Al, Pb, Zn, Co, Ni, Nb, 
Ta, Au, and Ag etc. from the slag. Recovery of metals from the slag and its 
utilization are important not only for saving metal resources, but also for protecting 
the environment (Shen & Forssberg, 2003).  For a traditional blast furnace (BF) 
production, about 2140 kg of CO2 is emitted per ton of crude steel according to gas 
based power generation, while it is about 2227 kg based on coal based power 
generation (Orth, et al., 2007). 
World Steel Association reported that the total production of crude steel 
increased from 777 million metric ton in 1998 to 1351 million metric ton in 2007. 






finished steel. The semi-finished steels comprise slab, billet, bloom, beam, and blank, 
as shown in Figure (1.3).  Slab is used to produce flat products, such as hot-rolled 
steel, cold-rolled steel, and galvanized steel. The billet is used to produce long 
products, including bar and wire rod. The bloom, beam, and blank are used to 
produce heavy construction products. Nowadays the inputs for the steel production 
were mainly energy and iron or steel raw materials. The outputs were steel products, 
unwanted products, solid wastes, emissions to air and to water. The unwanted 
products such as scrap, slag, scale can be sold to cement or recycling industries. The 
emissions to air, e.g. CO2, CO, SOx, NOx, dust, as well as emissions to water, e.g. oil, 
grease, chemicals, suspended solid, caused damages to ecosystem quality and to 
human health (Tongpool, Jirajariyavech, Yuvaniyama, & Mungcharoen, 2010). 
 
Figure 1.3: Categorization of Steel Industry (Tongpool, et al., 2010) 
 
1.4.1 Emirates Steel Factory 
In 1998, The General Holding Corporation (SENAAT), the parent company 
of Emirates Steel, began the development of a significant and durable upstream steel 
business to complement downstream private sector investments to satisfy the 






Emirates Steel is one of the leading steel manufacturers in the Middle East 
region with the capacity to produce 3.5 million tons of: reinforcing  bars (rebar), wire 
rod and heavy sections.  Emirates Steel strives to minimize the environmental impact 
of its industrial activities in different stages of its operations process, as well as 
aiming to provide a favorable living environment for the UAE community by 
conducting business in a socially and environmentally responsible manner. It is 
committed to adopting the latest innovations in energy efficiency and sustainable 
practices through addressing issues on sustainability at the early stages of any 
expansion project besides developing a life cycle economic model, which examines 
environmental and cost implications of process choice, and adopting the new 
technology. Emirates Steel is aware of its important role and responsibility for 
sustainable development as one of its commitments, through minimizing the negative 
impact on the environment, society and economy, and reducing the generation of 
wastes during production.  
Fume treatment plants are present as facilities to remove all dust and particles 
from emissions to promote a clean, healthy and safe working environment. It 
analyzes air emissions and waste water generated from the plants and measures noise 
levels to comply with environmental federal law and international standards (site, 
2015). Emirates Steel, the largest integrated manufacturing plant in the UAE with 
capacity of 3.5 million MTPA, generates about 0.145 ton of slag for every ton of 
steel produced. Slag is solid by-product results from the interaction of flux and 
impurities in the smelting and refining process of metals. This mixture of metal 






1.4.2 Processes and Units, Generating Residues 
Whenever iron and steel are being produced, by-products are generated as 
waste materials. All waste materials, whether solid or liquid, hazardous or non-
hazardous, fall within the scope of waste management according to agreed standards. 
Waste Management covers mainly the collection, transport, segregation, processing 
or disposal, managing and monitoring of waste and by-product materials. 
Slag is the solid material that is produced during the separation of the 
interaction of flux and impurities in the smelting and refining of metals in steel-
making furnaces. Generated slag in the Emirates Steel process is an environmentally 
safe and valuable by-product. Emirates Steel is working pro-actively with potential 
suppliers to progress options that will eliminate by-products and wastes. 
Emirates Steel has long term contracts with a group of certified service 
providers with whom the waste management activities are carried out inside and 
outside Emirates Steel round the clock. Emirates Steel processes its slag into 
different sizes, after separating the metallic pieces for recharging them back into the 
Electric Arc Furnace. The processed slag is used as aggregate for roads (coarse size 
as sub-base and fine size as top layer), railway ballast, waterway construction, reefs 
(big lumps of slag used for fixing of coral larvae to improve the marine life), while 
the rest of the processed slag is used for land filling. 
Emirates Steel reduces carbon emissions through the promotion of energy 
efficiency practices and the recovery of waste heat measures wherever possible. So it 
is looking at options for utilizing the CO2 gas generated. One option under 
consideration is providing the CO2 to oil producing companies for injecting it into 






In November 2013, the Abu Dhabi National Oil Company (ADNOC) and 
Masdar, the nation’s renewable energy company, created a joint venture to develop 
commercial-scale projects for carbon capture, usage and storage. It will build a $123 
million CO2 compression facility and a 50 kilometer pipeline, along which CO2 will 
be pumped to ADNOC’s oilfields. In 2016, operation of this project will sequester up 
to 800,000 tons of CO2 annually, which is equivalent to planting around 100,000 
trees – a massive contribution to Emirates Steel’s carbon footprint, which at the same 
time will improve ADNOC’s oil recovery. 
One of the core objectives at the heart of Emirates Steel’s success story today 
is its desire to meet market demand by producing steel in a safe and sustainable way 
through increasing the environmental investments, which will ensure that Emirates 
Steel adheres fully to the world’s environmental standards. and so it gets competitive 
rank among the best regional steel-making companies (Steel, 2016). 
 
1.5 The Scope of the Research 
This research focuses on optimizing the carbonation efficiencies of local 
industrial alkaline wastes, namely steel-making residues. The novelty of this study is 
the pretreatment through hydration and the utilization of a fluidized bed reactor, 
which provides  good mixing and consequently high carbonation rate.  Experiments 
were designed based on a professional statistical program, Minitab, expecting 
adequate model that relates affecting parameters to selected carbonation 
representative responses. Non-traditional method was also applied to calculate the 
CO2 captured directly from gas analyzer, installed to measure the concentration of 






method for estimating the carbonation efficiency and the novel one applied in this 






Chapter 2: Literature Review 
 
2.1 Mineral Carbonation: Definition, Routes and Concepts 
Mineral carbonation is the reaction of CO2 with basic minerals to form 
harmless solid carbonates, mainly calcium and/or magnesium-containing minerals, to 
form stable carbonate, which do not incur any long term liability or monitoring 
commitments. Mineral carbonation is a potentially attractive sequestration 
technology for the permanent and safe storage of CO2. Vast amounts of magnesium 
silicate minerals exist worldwide that may be carbonated, with magnesium carbonate 
as stable and environmentally harmless product (Olajire, 2013). Academic field has 
to share its contribution through providing technologies and techniques that lead to 
mitigation of GHG economically. 
A majority of the sequestration efforts have been focused on the storage of 
CO2 in large reservoirs such as the oceans, deep geologic formations, and terrestrial 
biosphere (W. J. J. Huijgen & Comans, 2005a). Smaller scale or industry specific 
sequestration options are often overlooked because they lack the “global” extent of 
other options. Not all sequestration solutions, however, need to be global in scale. 
The main advantage of mineral carbonation is the formation of carbonate minerals 
such as calcite (CaCO3) and magnesite (MgCO3), end-products which are known to 
be stable over geologic time scales. Since oxides and hydroxides of Ca and Mg are 
not abundant, silicate rocks containing the desired Mg and Ca have been targeted for 
mineral carbonation. 
The sequestration of CO2 in carbonates can be achieved through various 






in Figure 2.1: (1) direct carbonation is the simplest approach, where a Ca/Mg rich 
solid is carbonated in a single process step. Direct Carbonation can be further divided 
into gas–solid carbonation and direct aqueous mineral carbonation. The direct 
aqueous mineral carbonation-route with the aid of pre-treatments is considered as the 
state of the art and is typically selected to compare other technologies. (2) Indirect 
carbonation consists of first extracting from the feedstock the reactive Mg/Ca oxide 
or hydroxide in one step and then, in a subsequent step, reacting the leached cations 
with CO2 to form the desired carbonate (Sipilä, Teir, & Zevenhoven, 2008). 
No single approach, including sequestration or shifts in energy dependence, 
will provide the solution to the growing carbon problem. The goal is the finding 
acceptable and cost-effective approaches to emission reductions, many of which 
might be industry specific, because unlike NOx and SO2, there are currently no 
commercially available, industry-wide technologies for removing and storing 
(sequestering) CO2. Thus the tendency has been to lean towards larger-scale 
solutions, ones which either reduce the dependence on fossil fuels or provide for the 
capture and long-term storage of excess carbon (e.g., geologic sequestration, oceanic 
storage, terrestrial sequestration). 
 






2.2 Challenges for Application of Mineral CO2 Sequestration 
As previously mentioned, mineral CO2 sequestration is a process where 
atmospheric CO2 is fixed in the form of carbonates. For carbonate ions to precipitate 
as carbonate minerals, a suitable counter ion should be present. The most common 










 as counter ion 
(Sanna, et al., 2015). These divalent cations, in addition to the alkalinity required for 
CO2 conversion to carbonate ions can be considered as the main raw materials for the 
mineral CO2 sequestration process (Equation (1)). Alkaline silicate minerals such as 
wollastonite can potentially provide the divalent cation and alkalinity needed for the 
capture and sequestration of CO2 at ambient environmental conditions (Equation 2) 
(Daval et al., 2009). There are far more sufficient alkaline silicate materials available 
to sequester the equivalent CO2 of the total known amount of fossil fuels (Kelemen 
& Matter, 2008). However, the slow release rate of divalent cations from these 
minerals under neutral and alkaline pH conditions, the same pH at which the 
carbonate ion (CO3
2−
) can form from CO2 in water, is one of the main reasons for 
limited application of the mineral carbonation process to date (Lackner, 2003). 
Therefore, obtaining divalent cations and alkalinity at a high rate is considered 
among the main challenges for mineral CO2 sequestration process (Phil Renforth & 
Manning, 2011; P. Renforth, Washbourne, Taylder, & Manning, 2011). 
(Ca/Mg)
2+
(aq) + CO2(g) + 2OH
-
(aq) → (Ca/Mg)CO3(s) + H2O(aq)  (1) 







2.3 The Mechanism of Carbonation Process 
To obtain substantial CO2 sequestration by mineral carbonation, the problem 
of slow release of alkalinity and divalent cations from alkaline silicate minerals 
should be overcome. This can be accomplished by introducing chemical compounds 
such as specific complexing agents or acids to a solution in which alkaline silicates 
particles are suspended (Kakizawa, Yamasaki, & Yanagisawa, 2001). Another 
possibility is to activate the mineral reactants by thermal and mechanical means that 
is increasing the surface area (Maroto-Valer, Fauth, Kuchta, Zhang, & Andrésen, 
2005). However, the high costs and intensive energy needs associated with such 
chemical or physical treatments of silicate minerals have been mentioned as the main 
drawbacks for application of these methods (Stephen J. Gerdemann, O'Connor, 
Dahlin, Penner, & Rush, 2007; Phil Renforth & Manning, 2011). Therefore, recently, 
the application of biological processes as a more cost-efficient method for enhancing 
the dissolution of alkaline silicates has been investigated (Pokrovsky, Golubev, 
Schott, & Castillo, 2009). Microbial processes can primarily increase the dissolution 
rate of silicate minerals by modifying the environmental conditions such as pH 
reduction by, for example, production of organic acids (Uroz et al., 2009). 
Nitrification and carbohydrate fermentation to volatile fatty acids (VFA) are 
examples of acid-producing microbial processes that are widely applied in the field 
of environmental biotechnology. Hence, integration of alkaline silicate minerals into 
these processes can potentially enhance their dissolution rate (Salek, Kleerebezem, 
Jonkers, Voncken, & Loosdrecht, 2012). The increase of dissolution rate of alkaline 
silicates can provide the divalent cations needed for the carbonate precipitation. 






which is required for carbonate mineral formation (Equation 1). Therefore, the 
process should be combined with a process that generates alkalinity in order to 
enable carbonate mineralization. 
Carbonation reactions are spontaneous and exothermic and can be 
exemplified in Equations (3) and (4), where calcium and magnesium oxides are 
considered to react with CO2.  
 
CaO(s) + CO2(g)                        CaCO3(s)                        H = -179 kJ/mol  (3) 
MgO(s) + CO2(g)                       MgCO3(s)                       H = -118 kJ/mol  (4) 
 
The most reactive compounds for CO2 mineralization are oxides of divalent 
metals, Ca and Mg, and their availability in nature is mainly in the form of silicates, 
such as olivine ((Mg,Fe)2SiO4) orthopyroxene (Mg2Si2O6–Fe2Si2O6), clinopyroxene 
(CaMgSi2O6–CaFeSi2O6) and serpentine ((Mg,Fe)3Si2O5(OH)4), the latter originated 
by the hydration of olivine. When CO2 dissolves in water, it reacts with these 
silicates forming corresponding carbonates, where CO2 is fixed in a mineral 
form.(Gislason et al., 2010) Mantle peridotite and basalts deposits, enriched in Mg, 
Fe and Ca silicates, are the main targets for in situ CO2 mineralization projects 
(Olajire, 2013). 
Most processes under consideration for mineral carbonation focus on metal 
oxide (such as calcium and magnesium) bearing materials, whose corresponding 
carbonates are not soluble. Moreover, since waste materials rich in calcium oxide are 
conveniently located close to the CO2 emission source, they have also been targeted 
as MC feedstock. The following sections will review the processes developed for 






carbonation are high energy intensity, low reaction conversion and slow reaction 
kinetics (Sipilä, et al., 2008). To reach the highest carbonation efficiency the 
controlling mechanisms and optimal parameters need to be defined.  The solid 
particle dissolution process is generally controlled by: (1) diffusion through a fluid 
film surrounding the particle, (2) diffusion through a solid product layer on the 
particle surface, or (3) chemical reaction at the particle surface. The rate of the 
overall process is controlled by the slowest of these sequential steps. Dissolution 
kinetics for olivine and serpentine, the two main source silicate minerals for mineral 
carbonation, have been studied for several decades; especially, olivine has attracted 
noticeable interest (Haug, Kleiv, & Munz, 2010). 
Dissolution of mineral is the rate-limiting step in the direct aqueous mineral 
carbonation system, mainly due to the absence of protons at pH close to 7 (Bonfils et 
al., 2012). In an aqueous–solid reaction system, the rate-limiting step is the 
dissolution of the mineral followed by product layer diffusion control (i.e. silica layer 
reduces diffusion of CO2 or the carbonate precipitate). In CO2–water–solid systems, 
the reaction rate of CO2 dissolution (gas diffusion through fluid film control) is the 
limiting-control step (Daval, et al., 2009). Despite the fact that dissolution rates of 
minerals are commonly believed to be proportional to their crystals surface, the 
precipitation of secondary phases decreases the dissolution rates of those surfaces on 
which they precipitate; recent aqueous dissolution tests on diopside (25–70 °C, in the 
presence of NaHCO3) did not show any difference between the dissolution rate of the 
experiments with and without carbonate precipitation (Stockmann, Wolff-Boenisch, 
Gislason, & Oelkers, 2013). It has been suggested that the precipitation of carbonate 
forms a porous coating on the mineral, which allows ions from the dissolving 






The particle size is a key parameter affecting carbonation because the 
reduction of size increases surface area and consequently the availability of reactive 
Mg and Ca (Santos & Van Gerven, 2011). The deposition of an inert layer such as 
SiO2 on the surface limits the diffusion of the extraction solution into the particles.66 
Stirring or sonication during carbonation limits the formation of carbonate shells, 
allowing further dissolution of Mg and Ca and diffusion of CO2 (Santos & Van 
Gerven, 2011).Temperature influences both the dissolution of CO2 in water 
(dissolution decreases with temperature) and dissolution of calcium and magnesium 
from the minerals (dissolution increases when temperature increases). Low 
temperatures enhance the diffusion of CO2 in the carbonated shell, while high 
temperatures increase the magnesium and calcium available (Prigiobbe, Polettini, & 
Baciocchi, 2009). For example, temperatures of 90–100 °C are able to extract 100% 
of magnesium from serpentine mineral (X. Wang & Maroto-Valer, 2011). 
High pressure (40–150 bars) can be used to enhance both the dissolution of 
CO2 in the water media and the diffusion of the gas into the solid matrix. CO2 
pressure and the stirring rate (1500 rpm) can significantly influence the reaction rate 
in direct aqueous carbonation at the optimum temperature range (150–200°C). 
Operating above those values, carbonation was considered independent of the stirring 
rate and CO2 pressure. The carbonation of wollastonite at constant temperature 
(150°C) remains constant between 10 and 40 bar and decreases at CO2 pressure 
below 10 bars due to deficiency of (bi) carbonate activity. On the other hand, the 
wollastonite carbonation increases when the CO2 pressure is increased from 20 to 40 







The control mechanisms of carbonation of pure CO2 and flue gas carbonation 
are expected to be similar, but the reaction rate of diluted CO2 is slower because its 
dissolution rate is slower compared to that of pure CO2 (Arickx, Van Gerven, & 
Vandecasteele, 2006). The liquid/solid (L/S) ratio is an important parameter because 
carbonation requires specific L/S ratios to be efficient (Santos & Van Gerven, 2011). 
L/S-ratios lower than 2 cannot be stirred sufficiently in an autoclave reactor and may 
result in poor CO2 gas–liquid and solid–liquid mass transfer rates. Therefore, the 
lowest liquid-to-solid ratio in an autoclave reactor is 2 kg/kg, although the majority 
of aqueous carbonation experiments are carried out at a higher L/S-ratio to enhance 
the conversion efficiency (X. Wang & Maroto-Valer, 2011). Also, the reduction of 
the L/S-ratio leads to a substantial improvement of the heat balance of the process 
and, thus, the overall CO2 sequestration efficiency. However, if the L/S-ratio 
becomes too low, pumping and stirring problems might arise because of an increased 
viscosity, which would lead to a significant decrease of the conversion. 
 
2.4 Direct Carbonation  
2.4.1 Direct Carbonation without Pre-treatment 
(a) Gas–solid carbonation: 
The most straight forward process route is the direct gas–solid carbonation (W. 
J. J. Huijgen & Comans, 2005b) and it was first studied by Lackner and co-workers 
(Lackner, Wendt, Butt, Joyce Jr, & Sharp, 1995). Various reactions depending on the 
feedstock are possible. As an example, the direct gas–solid reaction of olivine is 






Mg2SiO4(s) + 2 CO2(g) → 2 MgCO3(s) + SiO2(s)     (5) 
High CO2 pressures (100 – 150 bars) are necessary in order to obtain 
reasonable reaction rates. 
DaCosta and co-workers (DaCosta, Fan, & Russell, 2009) developed a direct 
dry process for the sequestration of CO2 where the flue gases pass through a bed of 
finely ground (2.5–60 μm) silicate rocks (mainly olivine, serpentine or wollastonite). 
As carbonation takes place, the mineral is replenished by either feeding fresh mineral 
with a pump or a conveyer. They reported that when using 5 g of olivine (surface of 
2.5 m
2
/g) at temperature ranging from 100 to 500 °C and flue composition of 10% 
CO2, 8.3% H2O (balanced with N2), the storage capacity was 0.12 g CO2 per g 
olivine (12%) after 30 minutes. A higher capacity of 18% was achieved capturing 
flue gas with 15% CO2 in the presence of 8.3% water at 150 °C. The CO2 stored 
decreased when 5% or 20% CO2 gas stream were used, in the absence of moisture 
and at the higher temperatures tested, 175 and 200°C (Kwon, Fan, Dacosta, Russell, 
& Tsouris, 2011). The enhanced CO2 stored capacity in the presence of moisture was 
related to the fact that water vapor can be useful to convert oxides that may be 
present to hydroxides which may then be carbonated as in Equation (6) and (7): 
MgO + H2O → Mg(OH)2        (6) 
 Mg(OH)2 + CO2 → MgCO3        (7) 
The above process is able to work in a dry environment, where moisture 
present in flue gas is assumed to be enough to convert the silicates oxides in the high 
reactive hydroxides and also requires only ∼10–30 minutes, which represent a time 






per ton of CO2 sequestered due to the low efficiency (<20 g CO2 per kg olivine) 
(Kwon, et al., 2011). Based on the data available, more than 8 tons of olivine would 
sequester 1 tons of CO2. This would drastically reduce the applicability of this 
process to very small CO2 emitters in terms of process size and material handling. 
Also, particle size reduction to <60 μm is very energy intensive. 
(b) Aqueous carbonation: 
The carbonic acid route process involves CO2 reacting at high pressure (100–
159 bar) in an aqueous suspension with olivine or serpentine. Firstly, CO2 dissolves 
in water and dissociates to bicarbonate and H
+
 resulting in a pH of about 5.0 to 5.5 at 
high CO2 pressure: 
Finally, Mg
2+
 reacts with bicarbonate and precipitates as magnesite: 




(aq)    (8) 
Mg
2+





(aq)                 2Mg
2+
(aq) + SiO2(s) + 2H2O(l)    (9) 
Finally, Mg
2+





(aq)                MgCO3(s) + H
+
(aq)               (10) 
Kwak and co-workers investigated the reaction pathways and reaction extent 
of direct aqueous carbonation of finely ground olivine (forsterite) (1 g) mixed with 
water (1 g) and fed into a batch reactor with a volume of 11.7 mL. The reaction was 
kept at 80°C and 97 bar for 20 h with a final CO2 storage capacity of 8%. The 
capacity was increased to 67% but it required 7 days (Kwak et al., 2010). 
Huijgen and co-workers studied the direct aqueous carbonation of finely 






water. A CO2 stream was introduced into the reactor under continuous stirring to 
ensure dispersion of the gas. The carbonation reactions occur in the aqueous phase in 
two steps: calcium leaching from the CaSiO3 matrix and nucleation and growth of 
CaCO3. A promising conversion of 75% was attained after 15 minutes at 200°C, 20 
bar CO2 partial pressure, with estimated costs of 102 € per ton CO2 sequestered, 
based on process simulation (W. J. J. Huijgen, et al., 2006). The major costs were 
associated with the feedstock and the electricity consumption for grinding and 
compression, with 54 and 26 € per ton CO2 sequestered, respectively. 
Overall, direct routes present straightforward design and the absence of non-
aqueous solvents. However, reaction conversions are low and high CO2 pressure and 
temperature are required, compared to processes where pre-treatments are used to 
enhance the CO2 storage capacity (W. J. J. Huijgen & Comans, 2005a). To enhance 
reaction conversion, various pre-treatments have been employed. 
2.4.2 Direct Carbonation with Pre-treatment 
The purpose of the pre-treatment step is to promote and accelerate 
carbonation reaction rates and efficiencies through surface area increase. Two major 
processes have been developed: high energy mechanical grinding and chemical 
leaching, although other methods such as thermal- and mechano-chemical-
pretreatments have also been reported. 
(a) Direct carbonation with mechanical pre-treatment. 
The mechanical grinding approach aims at destroying or disordering the 
mineral lattice, and thus, resulting in an increase of the surface area. Particle size 
reduction takes place in a sequence of crushing and grinding stages required to 
reduce the particle size to <300 μm which can be necessary to liberate valuable 






equipment such as jaw or cone crushers. Instead, grinding is accomplished by 
abrasion and impact of the ore by the free motion of unconnected grinding media 
such as rods, balls, or pebbles (Haug, et al., 2010).  
Various pre-treatment options such as ultrasonic treatment and wet grinding 
in caustic solution have also been tested, but they did not result in a higher reactivity. 
The major problem with many other pre-treatment options is the high energy input 
required (W. J. J. Huijgen & Comans, 2005b). Extensive studies on the mechanical 
activation of silicates were performed and reviewed by (Huijgen et al., 2005). The 
major conclusions made were that high-energy attrition grinding of silicates resulted 
in a higher conversion rates but consumed too much energy. 
Similar conclusions were obtained by Fabian et al., (2010) (Fabian et al., 
2010), who studied the CO2 storage capacity of olivine mechanically activated using 
different conditions and by Haug et al. (2010) (Haug, et al., 2010) who reported 
dissolution (in 0.1 M HCl, and pressured CO2/H2O) and carbonation (115–128 °C 
and under 150–185 bar) rates of grinded olivine. 
 
(b) Direct carbonation with thermal pre-treatment.   
As previously mentioned, serpentine requires additional thermal-treatment to 
remove hydroxyl groups, resulting in the chemical transformation to pseudo-
forsterite, Equation 11. Serpentine requires heating treatment above 630°C to remove 
chemically bound water from the lattice (Chizmeshya, McKelvy, Sharma, Carpenter, 
& Bearat, 2003). 
Mg3Si2O5(OH)4                  (MgO)3(SiO2)2 + 2H2O            (11) 
Similar results were obtained with high-energy attrition grinding, but with a 






Stephen J. Gerdemann, et al., 2007). The theoretical energy required for the heat-
activation process is the sum of the energy to heat the mineral to 630°C and the 
enthalpy of dehydroxylation. Other authors have performed thermal-treatment 
optimization studies (Sanna, Dri, & Maroto-Valer, 2013). reported that the energy 
requirement for 0.5 h activation at 610°C could be lowered to 245 kW h per t instead 
of 326 kW h per t previously reported (630 °C for 2 h). This enhanced the subsequent 
dissolution of serpentine from 60% to 90% in just 5 minutes, where the Mg extracted 
was higher compared to another recent work where thermal activation was performed 
at 640–700 °C for 1 h. 
 
2.5 Indirect Carbonation 
Indirect mineral carbonation refers to processes that take place in more than 





) from minerals, using acids or other solvents, followed by 
the reaction of the extracted components with CO2 in either the gaseous or aqueous 
phase. Pure carbonates can be produced using indirect methods, due to removal of 
impurities in previous carbonate precipitation stages (Eloneva, Teir, Salminen, 
Fogelholm, & Zevenhoven, 2008). 
Munz et al. (Munz et al., 2009) demonstrated the principles of separating 
magnesite and silica after dissolution of olivine in carbonated aqueous solutions 
using a flow-through column reactor. The process consisted of three steps: (1) 
dissolution of 75 μm fine olivine at 130°C and 150 bar; (2) precipitation of 
magnesite at 250°C; and (3) precipitation of silica. Both precipitation steps were 
dependent on pH and temperature. A carbonation efficiency of 11% and 93% was 






respectively. However, as high carbonation efficiency was only obtained after long 
times, the process is not viable on an industrial scale. 
A wide number of strong acids and bases such as HCl, H2SO4 and HNO3 
have been employed for the dissolution of silicate rocks. Lin et al., 2008 (Lin, 
Huang, Hsiao, & Teng, 2008) proposed a 2-stage process, where serpentine is 
decomposed to magnesium hydroxide using HCl at 150°C. The resulting Mg(OH)2 
was then carbonated at 325°C for 2 hours in a fixed bed at atmospheric pressure. 
However, because the authors did not address the recovery of the chemicals used in 
the process and the time required for dissolution was too long compared to the 
precipitation stage, the process was not attractive. 
Maroto-Valer et al., 2005 developed a process, where serpentine was 
chemically activated with H2SO4 at a temperature 20–65°C for 3–12 hours. The 
resulting magnesium sulphate was reacted with sodium hydroxide to precipitate 
Mg(OH)2 following an exothermic reaction. Mg(OH)2 subsequently reacted with 
CO2 in aqueous suspension at 20 °C and 40 bar. A conversion of 55% was achieved 
in 10 minutes under these mild conditions. Sulfuric acid was regenerated by reacting 
CO2 with MgSO4 (Maroto-Valer, et al., 2005). However, chemicals make up and 
intensive chemical regeneration hindered the deployment of this process. The effect 
of HCl, H2SO4 and HNO3 on serpentine dissolution at 20 °C and different solution 
concentrations (1, 2, and 4 M) revealed that their capacity in dissolving the mineral 
decreases in this order: H2SO4 > HCl > HNO3. Despite their effectiveness in 
extracting Mg from silicates, processes that employed strong acids did not result in 
viable MC processes due to the overall difficult and large energy penalties associated 






to reduce the energy penalty associated with strong acids (Teir, Revitzer, Eloneva, 
Fogelholm, & Zevenhoven, 2007). 
Teir et al., (2007) (Teir, Eloneva, Fogelholm, & Zevenhoven, 2007) found 
that acetic acid (CH3COOH) and formic acid (HCOOH) were able to leach a 
significant amount of magnesium from serpentine. 
Krevor and Lackner, (2011) (Krevor & Lackner, 2011) established that the 
sodium salts of citrate, oxalate, and ethylenediaminetetraacetic acid (EDTA) 
significantly enhance the dissolution of serpentine under weakly acidic conditions. In 
their process, finely ground serpentine of particle size less than 75 μm was reacted in 
a solution with dissolved salts under a CO2 atmosphere and at 120°C. This energy 
penalty can be avoided dissolving the serpentine at an essentially neutral pH, i.e. in a 
solution more weakly acidic than carbonic acid. The reactions rates were several 
orders of magnitude higher in the presence of citrate than in the weakly acidic 
solution alone. Carbonation was performed at 20 bars and 120°C. After 2 hours a 
conversion of 60% was achieved, while 80% was reached after 7 hours. The long 
reaction times at the highest CO2 conversion would require a very large plant 
footprint to be economic. Succinic acid was also employed to extract reactive 
component (Ca
2+
) from wollastonite at 80 °C and 30 bars. Promising calcium 
dissolution of 90% was achieved after 1 hour, but the carbonation step was not tested 
(Bałdyga, Henczka, & Sokolnicka, 2010). 
Park et al., (2003) (Park, Jadhav, & Fan, 2003), demonstrated that a mixture 
of 1 vol% orthophosphoric acid, 0.9 wt% oxalic acid and 0.1% EDTA greatly 
enhanced the leaching of magnesium from serpentine at 70 °C and 1 bar. After 1 
hour dissolution, the slurry was filtered to remove the SiO2 residue. The use of 










 was then 
carbonated by bubbling through CO2 at ambient temperature. 
With the aim of improving the efficiency of mineral dissolution and 
recovering and reusing additives, Wang and Maroto-Valer, (2011) (X. Wang & 
Maroto-Valer, 2011) proposed a pH-swing CO2 mineralization process using 
ammonium salts. At 100 °C, 1.4 M aqueous solution NH4HSO4 was found to extract 
100% Mg from serpentine in 3 hours. 
In a typical capture process, CO2 is first absorbed by chemicals (e.g. NH3) 
and then desorbed (to recover the sorbent) and compressed for transportation, where 
stripping and compression consumes about 70% of the total CCS energy 
consumption. Since CO2 captured as sodium carbonate/bicarbonate is directly used in 
the proposed mineral carbonation, there is no need for desorption and compression of 
CO2. This process as other pH swing processes is also able to separate three different 
products: silica, magnesite and iron oxide (Teir, Kuusik, Fogelholm, & Zevenhoven, 
2007). This process could also be integrated with the chilled ammonia CO2 capture 
process, which has been demonstrated to capture more than 90% of CO2 (from 3–
15% CO2 in flue gas) and an estimated energy penalty of 477 kW h per ton CO2. 
A two-step process which also uses ammonium salts has been recently 
developed by Zevenhoven et al., 2011 (Zevenhoven, Fagerlund, & Songok, 2011). In 
the first step, Mg(OH)2 was produced from serpentinite and in the second step, 
Mg(OH)2 was carbonated in the dry phase. This process takes advantage of: (1) the 
higher reactivity of Mg(OH)2 compared to that of serpentinite and MgO and (2) the 
potential recovery of the heat of reaction released during the carbonation. In the Mg 
extraction step, a mixture of serpentinite was heated together with ammonium sulfate 






which was then dissolved in water. Adjusting the pH using ammonium hydroxide or 
ammonia led to precipitation of Mg(OH)2, while iron oxide was recovered as the by-
product. Finally, Mg(OH)2 was carbonated in a fluidized bed at 20 bar and 500–
550°C. A 50% Mg conversion was achieved in 10 minutes (Fagerlund, Highfield, & 
Zevenhoven, 2012). 
 
2.6 Technologies Developed for Waste Materials 
Some of the drawbacks of mineral carbonation of primary earth minerals 
could be avoided by using solid wastes generated from large scale industrial 
processes such as coal or oil shale fired power plant, solid waste incinerator, cement 
plant, steel and paper industry as a feedstock (Wee, 2013). This approach has a 
number of advantages: (1) these materials are often associated with CO2 point source 
emissions; (2) they tend to be chemically less stable than geologically derived 
minerals (W. J. J. Huijgen & Comans, 2006) and thus require a lower degree of pre-
treatment and less energy-intensive operating conditions to enhance carbonation 
yields; (3) waste materials could supply a readily available source of calcium or 
magnesium mineral matter (preferably in the form of CaO or Ca(OH)2) without the 
need for mining; they are typically fine-grained with high reactive surface areas; (4) 
hazardous waste can be reclassified through pH-neutralization and mineral 
transformation and finally; (5) the end product of the sequestration step may be 
amendable for re-use in products such as road base or other construction material  
(Huntzinger, Gierke, Kawatra, Eisele, & Sutter, 2009; Huntzinger, Gierke, Sutter, 
Kawatra, & Eisele, 2009) as well as pure and precipitated Ca or Mg-carbonates. On 
the other hand, the amount of industrial waste materials available is relatively limited 






and chemical composition) and legislation issues (Sanna, Dri, Hall, & Maroto-Valer, 
2012). 
Currently, the research has focused on assessing and maximizing the storage 
of CO2 by optimizing the operating conditions including pressure, temperature, 
liquid-to-solid ratio, gas humidity, the gas flow rate, the liquid flow rate, particle 
size, and solid pretreatment (Chang, Chen, Chen, Pan, & Chiang, 2011; Chang et al., 
2011; Pan, Chang, & Chiang, 2012). Industrial wastes such as ashes from solid fuel 
combustion often contain a considerable amount of free lime. For aqueous 
carbonation processes, irreversible hydration of calcium oxide (equation (12)) is 
followed by simultaneous dissolution of Ca(OH)2 (equation (13)) and dissociation of 
aqueous CO2 (equation (14-16)) precedes the carbonation reaction. As the Ca
2+
 ions 
are converted to CaCO3 and precipitated out, more Ca(OH)2 dissolves to equalize the 
Ca
2+
 concentration (Pan, et al., 2012). 





(aq)             (13) 
















(aq) → CaCO3(nuclei) → CaCO3(s)           (16) 
The aqueous carbonation of wastes, in which CaO is bound as a silicate (such 
as steel slag etc.), can in general be expressed using equations (14), (17) and (18). 
(Olajire, 2013). Firstly CO2 dissolves in the aqueous phase resulting H
+
 ions 
(equation (14)). Secondly, Ca/Mg leaches from the mineral matrix due to a slightly 
acidic environment (equation (17)). Finally, Ca /Mg carbonates precipitates (equation 






particle size and pH, and increased with increasing temperature, pressure and surface 
area (Iizuka, Fujii, Yamasaki, & Yanagisawa, 2004). 













(aq) → Ca/MgCO3 (s) + H
+
(aq)           (18) 
It has also been demonstrated that contaminated solids of cementations nature 
can be rapidly remediated whilst binding CO2 in the process (Fernández Bertos, 
Simons, Hills, & Carey, 2004). Carbonation as a stabilization/solidification technique 
is a process which capsules toxic waste matter into solid bulk. The reaction products 
can cause rapid hardening. During carbonation of cementitious materials a sequence 
of individual steps occurs: (1) CO2 diffusion in air and (2) permeation through the 
solid is followed by (3) solvation of CO2 (g) to CO2 (aq), (4) hydration of CO2 (aq) to 






, (6) dissolution of 




 ions, (7) 
nucleation of CaCO3 and calcium–silicate–hydrate gel, (8) precipitation of solid 
phases and (9) secondary carbonation by converting calcium–silicate–hydrate gel 
ultimately to silicate hydrate gel and CaCO3 (equation (19)) (Fernández Bertos, et al., 
2004). The extent and rate of carbonation depend mainly on the diffusivity and 
reactivity of CO2, which in turn depend on the binder type and hydration degree as 
well as pore type and process conditions (CO2 partial pressure, relative humidity, 
temperature and pressure). 
3CaO·SiO2 + yH2O + (3−x)CO2 → (3− x) CaCO3 + xCaO·SiO2·yH2O + 
zCO2   →   (x − z)CaO·SiO2·yH2O + z CaCO3            (19) 
Generally, the waste carbonation reaction could occur in four routes: (1) 
conversion inside the solid particle, (2) CaCO3 crystallization on the surface, (3) 






According to Huijgen et al., 2006, Huntzinger et al., 2009, Uibu and Kuusik 
2009 (W. J. J. Huijgen, et al., 2006; Huntzinger, Gierke, Kawatra, et al., 2009; Uibu, 
Uus, & Kuusik, 2009) the main mechanisms affecting the rate and extent of 
carbonation are transportation-controlled mechanisms such as CO2 and Ca
2+ 
ions 
diffusion to/from reaction sites, boundary layer effects (diffusion across precipitate 
coatings on particle surface, dissolution of Ca(OH)2 at the particle surface), and pore 
blockage/precipitate coating. Typically, the classical shrinking core type model has 
been used for describing heterogeneous solid–fluid reactions for determination of the 
rate-limiting mechanism (Lee, 2004). 
 
2.7 Metallurgical Slag   
Steelmaking processes generate significant amounts of CO2 (0.28 – 1 ton of 
CO2 per ton of steel (Bonenfant et al., 2008), accounting for 6–7% of global CO2 
emissions. Also, globally, these processes generate about 315–420 Mt per year 
(Eloneva, et al., 2008).  Slag is formed as a result of interactions between process 
impurities (primarily silica) and lime at various stages of steel production (Teir, 
Eloneva, et al., 2007; Teir, Kuusik, et al., 2007; Teir, Revitzer, et al., 2007).The main 
types of slag produced at steelmaking process are basic oxygen furnace slag (BOF) 
(62% of total steel slag), electric arc furnace slag (EAF) (29%), and ladle slag (LS) 
(9%) (Gahan, Cunha, & Sandström, 2009). Blast furnace slag (BF) is generated as a 
by-product from iron production by melting the gangue of the ore, coke ashes and the 
siliceous and aluminous residues after the reduction and separation of iron from ore. 
Secondary processes for further refinement of stainless steel produce LS and argon 






Iron and steel slag consist mainly of Ca-, Mg-, Al-silicates and oxides in 
numerous combinations. Their annual total CO2 emissions are estimated to be up to 
171 Mt of CO2 (Eloneva, et al., 2008) representing about 0.6% of global CO2 
emissions from fuel combustion. In general steel-making slag require grinding as 
carbonation pre-treatment (Bobicki, Liu, Xu, & Zeng, 2012) but the cost of mining 
and transportation to CO2 emission sites can usually be avoided. Mineral carbonation 
of steel slag is in most cases carried out in a water slurry phase (L/S > 1 w/w) at 
ambient or elevated pressure and temperature (Stolaroff, Lowry, & Keith, 2005). 
Santos et al. also used ultrasound (US) and/or additives (MgCl2) to enhance 
the carbonation process (Santos et al., 2013). The CO2 uptake of slag depends on the 
operational parameters (temperature, pressure, and particle size) similarly to the 
carbonation of natural Ca-silicates; but it is less energy demanding (W. Huijgen, 
Witkamp, & Comans, 2005). As expected, the slag that contain free CaO as opposed 
to Ca-silicates were more reactive (Bonenfant, et al., 2008). Calcium from Ca-
silicates was leached (Equation (17)) after rapid carbonation of free CaO (Equations 
(12)–(16)) and then carbonated (Equation (18)) and on the particles' surface. Ca 
diffusion through the solid matrix was the rate-limiting step due to the formation of a 
CaCO3 capsule and Ca-depleted silicate zone (Lekakh, Rawlins, Robertson, 
Richards, & Peaslee, 2008). 
The efficiency of CO2 sequestered was presented a very wide range (1.7–
28.9%), depending on the type and composition of slag, as well as process 
conditions. Using elevated pressures and temperatures, additives and US treatment 
improved significantly the carbonation kinetics, but also increased costs (up to €4000 






significantly improved by using smaller fractions (38–106 μm) (Lekakh, Robertson, 
Rawlins, Richards, & Peaslee, 2008). 
Carbonation of Ca-carrying cementitious materials to sequester CO2 also 
resulted in the development of high early stage strength for building materials 
applications, achieving CO2 uptake of 7–12% in the process (Monkman & Shao, 
2006). A possibility to upgrade steel slag into products of high commercial value, 
such as high-purity precipitated CaCO3 (PCC), has also been addressed in several 
studies.  
A number of extraction agents including HNO3, H2SO4, NaOH, NH4Cl, and 
CH3COOH, CH3COONH4, NH4NO3 NH4HSO4 (Dri, Sanna, & Maroto-Valer, 2013) 
have been investigated for the indirect carbonation route. The use of HNO3 solution 
resulted in rapid extraction of Ca and Mg from BOF and EAF slag with CO2 
sequestration capacity of 0.26–0.38 ton CO2 per ton-slag (Doucet, 2010). In the case 
of NH4Cl (at 80°C), 60% of Ca was extracted resulting in PCC of 98% purity. The 
CO2 sequestration capacity of 16% (0.16 ton CO2 per ton-slag) was achieved in the 
process with a total energy consumption of 300 kW h per ton CO2 (Kodama, 
Nishimoto, Yamamoto, Yogo, & Yamada, 2008). Acetic acid extraction resulted in 
31–86% carbonate conversion and PCC of 99.5–99.8% purity (Eloneva, et al., 2008). 
Weaker acids, elevated temperatures and longer reaction times promoted selective Ca 
extraction. A closed loop multi-step process was developed to extract Ca
2+
 from steel 
slag with NH4HSO4 solution to form solid CaSO4, which after pH adjustment and 
precipitation of impurities reacted with (NH4)2CO3 (from CO2 capture with NH3) to 
precipitate CaCO3 (Lekakh, Rawlins, et al., 2008; Lekakh, Robertson, et al., 2008). 
The carbonation efficiencies achieved by the latter process ranged from 59–74% 







2.8 Fluidization Concept 
Fluidization occurs when small solid particles are suspended in an upward 
flowing stream of fluid. The fluid velocity is sufficient to suspend the particles, but it 
is not large enough to carry them out of the vessel. The solid particles swirl around 
the bed rapidly, creating excellent mixing among them. This fluid velocity at which 
fluidization begins is known as the minimum fluidization velocity (Umf). When the 
superficial gas velocity increases beyond which the bed is fluidized, all particles are 
suspended by upward flowing gas. The frictional force between particle and fluid 
counterbalances the weight of the particle. The pressure drop is the most frequently 
correlated using the Ergun equation (Fogler, 1981). 
There are various types of flow regime, ranging from fixed bed to pneumatic 
conveying, when a fluid is passing through a bed of solid particles. These types of 
flow regime and quality of fluidization depend on several factors: operating 
conditions, fluid flow rate (flux), system configuration and the properties of solid 
particles (size distribution, shape, density, and restitution coefficient).  
A fluidized-bed reactor can process relatively large volumes of fluid and so it 
offers advantages of excellent solid mixing and heat transfer characteristics. The 
hydrodynamics of fluidized bed reactors is still not completely understood because it 
has complex behavior. Therefore, many assumptions are set to help describing it.   
Geldart (1973) suggested a simple four-group classification of solids according to 
their fluidization behavior, and can be categorized based on particle density and 
particle size. Additional parameters of solid properties, including angularity, surface 
roughness and composition, may also significantly affect on the quality of 






point to examine fluidization quality of a specific gas-solid system. Reactor 
configuration, fluid superficial velocity and solids flux are other important 
parameters controlling the quality of fluidization. 
Because the fluid mechanics in a fluidized bed are very complex, chemical 
engineers have developed semi-empirical correlations for the minimum velocity of 
fluidization based upon the particle Reynolds number. There are several empirical 
correlations to predict minimum fluidization velocity. Generally, most of these 
correlations predict similar results for fine particles (<100 μm). However, for large 
solid particles, there is a considerable scatter in the predictions of different published 
correlations. When there is a wide size distribution and non-spherical particles, it is 
often necessary to use experiments to make reliable estimates of minimum 
fluidization velocity (Kunii & Levenspiel, 2013). The pressure drop versus gas flow 
rate plot can be used to determine the experimental point of minimum fluidization, 







Chapter 3: Materials and Methodology 
 
3.1 Materials and Characterization Techniques 
Three types of steel by-products: Ladle Furnace (LF) slag, Bag house (BH) 
dust and Cyclone silo dust were selected to for the study. They were provided by 
Emirates Steel Factory in Abu Dhabi, United Arab Emirates (UAE). The samples 
were collected from the open-to-the atmosphere yard. Coarse parts (larger than 600 
μm) were removed through sieving. The gas mixture, 10% CO2 in air, was supplied 
by Sharjah Oxygen Company, UAE. 
 
 
Figure 3.1: Steel Residues: a: Cyclone Dust, b: LF Slag and c: BH Dust Sample 
 
The solid materials and products were characterized using the following 
pieces of equipment: 
1- Mayron poly-parameter meter was used for measuring pH, total dissolved 
solids (TDS) and conductivity measurements.  
2- TA Q500 thermal gravimetric analyzer (TGA) for mass change as a function 
of temperature with rate of 20°C/min. 






3- Philips PW/1840 x-ray diffractometer (XRD) for the mineralogical 
compositions. 
4- JOEL JSM-5600 scanning electron microscope (SEM), equipped with an 
energy dispersive x-ray system (EDS) for the microstructure compositions. 
5- VISTA-MPX CCD inductively coupled plasma -atomic emission 
spectrometry (ICP-AES) for the alkali metals and heavy metals 
determination. 
The bulk density of the solid residues was determined through a simple 
ordinary lab measurement: the mass divided by volume; the tests were repeated three 
times for each residue and the average value was considered. The chemical 
composition of the solid residue was determined through digestion of specific 
amount of the residue in both hydrochloric acid and nitric acid with heating up to 180 
ºC. The digested solution was then diluted with appropriate ratio, and then injected to 
an Inductively Couple Plasma (ICP) Spectrometer to determine the concentrations of 
metals and other ions.  
3.2 Preparation Processes 
The solid samples were pretreated through stream hydration, which proved to 
be an effective method in accelerating the carbonation process. The steam was 
generated using a steam generator (Model NBC-1500 Series, NAOMOTO, Japan), 
while a mechanical stirrer was used to provide the homogeneity during the hydration 
process; the hydration took about 30 minutes for 1 kg of residue at a stirrer speed of 








Figure 3.2: Steam Generator, NAOMOTO. NBC-1500 Series 
 
3.3 Carbonation Process 
Fluidization was selected because it allows better gas-solid reaction and 
hence better carbon dioxide sequestration. The affecting parameters through 
fluidization are under studying such: flow rate, the type of steel by-product used and 
its amount, particle size, water to solid ratio and the time needed to reach saturation. 
Experiments were designed based on the professional program, Minitab. Further 
details are included in Section 3.6. 
Carbonation of the pre-treated residues, the hydrated ones, was carried out in 
a fluidized bed reactor (TTLFB, Edibon, Spain) with an internal diameter of 123 mm 
and active height of 1200 mm. CO2 gas is forced to enter upward to the solid 
particles under atmospheric pressure. CO2 gas enters the reactor from the bottom 
through a distributor and interacts with loaded solid (the residue) upward with 






1.8. Each run has its minimum fluidization velocity, because it is a function of the 
height of the bed (another representative parameter of the mass loaded) and the 
particle size in addition to the density of each residue. The outlet gas was analyzed 
using a Gas analyzer, CAI-NDIR-600 series, USA. Data acquisition from the gas 




















Figure 3.4: The Gas Analyzer, CAI, NDIR-600 Series 
 
 
Figure 3.5: TGA Instrument, TA-Q 500 
 
CO2 uptakes based on the weight fraction of the TGA curve (Δm550-850°C) 
and dry weight (m105°C) was used as the carbonate content, expressed in terms of 
CO2 (wt. %) (El-Naas, El Gamal, Hameedi, & Mohamed, 2015), as show in Equation 
20: 







3.4 Leaching Test and Laboratory Analyses 
British Standard BS (EN12457 2002), which is designed to examine the 
leaching behavior for landfills, was used to describe the stability of the major and 
minor cations. It is a two-step leaching test: short-term of 6 hrs with L/S ratio is 2 
L/kg, and the long-term one of 18 hrs and L/S ratio is 8 L/kg. The eluate is then 
filtered with a 0.45 μm filter paper and then two solutions are sent for analysis.  
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) was used to 
measure the concentration of cations: Ca, Mg, K, Na and Al in leachate.  Mayron 
poly-parameter (pH, TDS, ORP and Temperature) meter was used for measuring pH  
and total dissolved solids (TDS). 
 
3.5 Calculation of CO2 Captured 
At the beginning, experiments were run to determine the fluidization point. 
The plot of ΔP vs flow rate can determine the fluidization point and so the minimum 
fluidization velocity. This experiment was repeated for every condition used later. 
i.e.: changing mass, particle size and moisture content. The minimum fluidization 
velocity is the velocity (can be represented by the flow rate) at which maximum 
pressure difference across the bed is observed. The graph below shows one sample. 

















Figure 3.6:  ΔP vs Flow Rate to Determine the Minimum Fluidization Velocity 
Experimentally 
 
Based on the gas analyzer measurements, further calculations are available to 
represent the concentration of CO2 captured in terms of: g/min or mol/min. The area 
under the curve of the relationship of CO2 captured vs time enables the determination 
of the total amount of CO2 captured. 
CO2 captured = initial concentration of the feed - measurement of the gas 
analyzer. The direct subtraction shows the value in the unit [%]. To convert this 
percentage unit, which is the volume percentage of CO2 into the total volume of the 
gas mixture to volumetric flow rate multiply it by the feed flow rate. To convert into 
mass flow rate, multiply by the density of CO2. Division by the molecular mass of 
CO2 convert the unit into molar flow rate. 
Here is an example when the feed gas flow rate was 12 l/min and the average 









 CO2 fed CO2 from gas analyzer CO2 captured 
[%] 
10/100 (constant) 
After for example 15 
min. the reading was: 
3.2 
10-3.2=6.8 
[l/min] The reading of  flow meter 
* 0.1= 1.2 
12 l/min is constant feed 
(3.2/100)*12= 0.384 1.2-0.384=0.816 
[g/min] The above value *density 
1.2*1.977=2.37 
Density of CO2 = 1.977 g/l. 
0.384*1.977=0.76 2.37-0.76=1.61 
  
Table 1: Sample Calculation of CO2 Concentration Based on the Gas Analyzer Data 
 
The Amount of CO2 sequestered by the solid residues can be calculated from 
the TGA data. Loss Of Ignition (LOI) percentage of tested sample is measured 
automatically while heating up the furnace of the TGA with constant heating rate, 20 
ºC/min, up to 1000 ºC. By assuming that all carbonate contents are considered to be 
in calcium form or equivalent to it, decomposition of calcium carbonated is governed 
by the chemical reaction: 
CaCO3(s)              CaO(s) + CO2 (g)             (21) 
It has equimolar coefficients. One mole of CO2 gas is released as one mol of calcium 
carbonate decomposes. 
LOI% * Mt of the tested sample = total mass of CaCO3 decomposes. 
Where, Mt is the total mass of the sample. Then, convert the resulted mass into moles 
by the division of the molecular mass of carbonate, 100 g/mol, which is then equal to 
moles of CO2 released. Now, the corresponding mass of CO2 released is known by 






3.6 Statistical Model 
Minitab program provides very wide facilities that have the ability to get 
reliable mathematical models for sets of experiments. Response Surface 
Methodology was selected due to its excellent indications. It can examine the 
relationship between a response and a set of quantitative experimental variables 
(factors). This method is often employed after identifying controllable factors in 
order to find the factor settings that optimize the response. Designs of this type are 
usually chosen whenever  suspecting curvature in the response. Response surface 
methods may be employed to: 
Minitab provides two response surface designs: central composite designs 
and Box-Behnken designs. For this work, Box-Behnken design was selected. It is a 
three-level design in which all the design points are either: a) at the center of the 
design or b) centered on the edges of the cube, equidistant from the center as shown 
Figure 3.7. 
 
Figure 3.7:  Box-Behnken Design 
Additionally, the design points are never set at extreme (low or high) levels 
for all factors simultaneously. The key features of this design are: 






b) It exhibits the desirable properties of having orthogonal blocks and being rotatable 
or nearly rotatable. 
c) It usually consists of fewer design points and therefore are less expensive to run 
than central composite designs. 
d) All design points fall within safe operating limits (within the nominal high and 
low levels) for the process (Montgomery, 2008). 
The design of experiments was suggested to have 4 affecting parameters, 
expressed in X1, X2, X3 and X4. Types of steel residues have the effect on the 







(moisture content %) 
X3 
(Particle size μm) 
X4 
(Us/Umf) 
1 Cyclone Low 600 Low 2 % Low 75 Low 1.2 
2 LF Mid 1000 Mid 3 % Mid 150 Mid 1.5 
3 BH High 1500 High 4 % High 300 High 1.8 
 










Full design is shown in Table (3) with the Run Order. 
X1 X2 X3 X4 Type 
Run 
Order 
1000 3 150 1.5 Cyclone 1 
1500 3 75 1.5 Cyclone 2 
1000 4 150 1.2 Cyclone 3 
1000 2 150 1.2 Cyclone 4 
600 3 75 1.5 Cyclone 5 
1000 4 150 1.8 Cyclone 6 
1000 2 150 1.8 Cyclone 7 
1500 3 300 1.5 Cyclone 8 
600 3 300 1.5 Cyclone 9 
1500 3 150 1.8 LF 10 
1000 4 300 1.5 LF 11 
600 3 150 1.8 LF 12 
600 3 150 1.2 LF 13 
1000 2 300 1.5 LF 14 
1000 2 75 1.5 LF 15 
1000 4 75 1.5 LF 16 
1500 3 150 1.2 LF 17 
1000 3 150 1.5 LF 18 
1500 4 150 1.5 BH 19 
600 2 150 1.5 BH 20 
600 4 150 1.5 BH 21 
1000 3 75 1.8 BH 22 
1500 2 150 1.5 BH 23 
600 3 300 1.8 BH 24 
1000 3 150 1.5 BH 25 
1000 3 75 1.2 BH 26 
1000 3 300 1.2 BH 27 
 
Table 3: Box-Behnken Design of the Experiments 
 
Running experiments was randomly performed in the lab. Responses under 
consideration were the direct observations of CO2 capture calculated from the gas 
analyzer measurements. i.e. the efficiency of CO2 captured (Y) and the ratio of CO2 






(M). It is possible to add another response such TDS [ppm] or [mg/l] of the 
dissolution test at the end of each run. This response has the expression (T) in the 
model. 
Y= (mass of CO2 captured by the residue/total CO2 fed to the reactor)*100% 






Chapter 4: Results and Discussion 
 
4.1 Characterization of Raw Steel Residues 
4.1.1 Physical Properties 
The physical, chemical and mineralogical compositions of steel residues were 
characterized employing different techniques to assess the parameters essential for 
mineral carbonation. The physical characterization of steel residues can be 









300 11.19 2.12 3.40 
212 49.15 3.22 3.62 
150 24.24 6.63 7.38 
90 6.78 51.45 50.94 
75 5.42 29.82 26.24 
pan 3.22 6.76 8.42 
Total 100 100 100 
 
Table 4: Sieving Analysis of Steel Residues 
 
About half of LF slag has the particle size range of 300 > x > 212 μm. While 
for both BH and Cyclone dusts have smaller range with 150 > x > 90 μm. The 
average bulk density of each residue is also measured, and the values are shown in 
Table 5.  
 Cyclone Dust LF Slag BH Dust 
Density [kg/m
3
] 4100 3300 2900 
 






4.1.2 Chemical Properties 
Chemical Analysis of steel residues takes place to identify the minerals 
existed in each type. Based on production processes in the steel factory, chemical 
composition may vary. About 18-25 kg of dust and 130-140 kg of slag are generated 
per ton of steel melting production. 
Figure 4.1 summarizes the major chemical composition of Steel residues. It 
shows large fraction of CaO in both LF slag and BH dust. Although the amount of 
CaO existed in Cyclone dust is less than those of LF and BH, but still significant. 
Because of this rich amount of CaO, steel residues are good choice in mineral 
carbonation. The high content of CaO in such residues is the main reason of its 
utilization in CO2 sequestration. 
 






Dissolution test was also performed, by taking 10 g of residue dissolved in 
100 ml of distilled water. The pH and TDS were measured. Results are set in Table 
(4) in Section 4.4.  BH shows the maximum TDS with high basicity due to dissolved 
alkali and alkali earth ions. TGA data is presented next section to show the 
significant difference before and after carbonation. 
4.2 Carbonation Process 
Direct gas-solid carbonation process took place through the fluidized bed 
reactor. Metal oxides and silicates, calcium and magnesium oxides react with water 
and form the corresponding hydroxides. These reactions (Equation 22 and 23) are 
highly spontaneous and exothermic. 
CaO(s) + H2O(l)                      Ca(OH)2(s)            ΔG = -57.9 kJ/mol          (22) 
MgO(s) + H2O(l)                     Mg(OH)2(s)            ΔG = -27.3 kJ/mol          (23) 
Actually, the hydration process of residues is so complicated due to the 
presence of silicates and other complex oxides associated with calcium oxide. Since 
the secondary mineral phases are mainly silicate minerals, the preparation of calcium 
silicate hydrate (C-S-H) from dicalcium silicate (C2S) may vary in composition as 
modeled by the HSC chemistry software, Equation (24). The thermodynamic data for 
the free energy of formation of C-S-H obtained by HSC are comparable with 
previously reported results (Fujii & Kondo, 1983). 
3Ca2SiO4(s) + 3.5H2O(l)               4CaO*3SiO2*1.5H2O(s) + 2Ca(OH)2(s) 






In the presence of water, silicates and aluminates are hydrated into stiff and 
hard products with very low solubility in water. These products are mainly tri-
calcium silicate hydrate (C3S2H3), tri-calcium aluminate hydrate (C3AH6) and 
calcium alumino-ferrite hydrate (C6AFH12) (Beruto & Botter, 2000; Cizer, Van 
Balen, Van Gemert, & Elsen, 2009; Massazza, 1998; Mohamed & El Gamal, 2014; 
Taylor, 1997). 
Laboratory scale experiments indicated that the hydration process was very 
slow at room temperature (Beruto & Botter, 2000; El-Naas, et al., 2015). The 
formation of the calcium hydroxide and C-S-H crystals provide a nucleus for more 
calcium silicate hydrate. It is likely that impermeable coatings of these reaction 
products formed on the surface of the grains prevent further reactions. The C-S-H 
crystals grow thicker, making it so difficult for water molecules to reach the non-
hydrated calcium silicate. The speed of the reaction is then controlled by the rate at 
which water molecules diffuse through the C-S-H coating. Hydration reaction was 
found to be accelerated by increasing the hydration temperature. Based on the degree 
of carbonation, more than 10% increase in carbonate content was achieved upon 
applying steam, over that obtained by hydration at room temperature. Mechanical 
mixing and steam can increase the diffusivity of water and consequently, increase the 
hydration reactions. (Beruto & Botter, 2000; El-Naas, et al., 2015). 
Since the mineral carbonation depends on the reaction of CO2 with metal 
hydroxides and metal silicate hydrates, the amount of heat produced by these 
reactions depend on the amounts of bivalent metal contained like Ca and Mg. 
Thermodynamic analysis was performed using HSC to study the effects of different 






reactions of calcium hydroxide and calcium silicate hydrate were spontaneous and 
exothermic, Equation 25 and 26. 
Ca(OH)2(s) + CO2(g)                     CaCO3(s) + H2O(l)      ΔH= -113 kJ/mol         (25) 
4CaO*3SiO2*1.5H2O(s) + 4CO2(g)                 4CaCO3(s) +3SiO2(s) + 1.5H2O(l) 
ΔH= -393 kJ/mol                (26) 
 
It was found that the moisture content affected both carbonation and 
fluidization processes; carbonation does not completely occur in totally dried 
samples and the penetrability of CO2 gas increases within the hydrated dust, but too 
much water limits the reaction due to the blockage of the pores. The effect of 
moisture content on the carbonation of the residues was evaluated through the 
measurements of the pH, total dissolved solids (TDS) and electrical conductivity of 
the carbonated samples. It was found that moisture content ranging from 2 to 3% 
enhanced the gas-solid carbonation reaction of the residues. The reported mechanism 
of this fact suggested that the water adsorbed on hydrophilic and basic surface sites 
allowed carbonation formation at the gas-solid interface followed by the formation of 
solid carbonate around reacting particles (Beruto & Botter, 2000). 
The major hydrated chemical compounds that react with carbon dioxide are 
calcium hydroxide, calcium silicate hydrate, calcium aluminate hydrate, Ettringite 
and calcium aluminoferrite hydrate. The calcium silicate grains are covered with a 





The gel is progressively decalcified leading to the formation of CaCO3 intermixed 
with silicate hydrate gel. The reaction of calcium aluminate hydrates is minimal, due 






which is promoted by increasing the temperature and solid phase precipitates. It is 
worth noting that the above reactions have three aspects in common: (I) they all 




 to form highly insoluble calcium 
carbonate, (II) they are all exothermic, and (III) they may happen simultaneously but 
at different rates, as previously reported (Moorehead, 1986; Young, Berger, & 
Breese, 1974). 
Based on Geldart's classification, the general observation was found that such 
experiments follow the group B, as the fluidization happened vigorously with 
formation of bubbles, which grow in size. The most close and famous example of 
this group is sand, where the range of particle size is in between 40 μm and 500 μm, 
with range of solid density (1400 - 4000 kg/m
3
) (Kunii & Levenspiel, 2013). 
However, there was little behavior of the group C, with some cohesive property like 
cement. This observation was recorded when the moisture percentage of both 
residues LF slag and BH dust was at high level ( 4%).   
 
4.3 CO2 Captured Data from Gas Analyzer Measurements 
Simple calculations of the direct measurements from the gas analyzer indicate 
the relationship Measured responses were either direct calculations or after doing 
further analyses using instruments: 
a) Direct calculations: the readings from the gas analyzer, where simple calculations 
are needed to get the carbonation efficiency, the mass ration of the CO2 captured, in 
[g-unit] by the mass loaded to the CO2 fed in [g-unit]. The fed CO2 is the initial 






the other hand, the mass of CO2 captured is numerically equal to the area under the 
curve of CO2 flow rate [g/min] vs time [min]. Area under the curve of each run, was 
calculated by the simple software with very accurate estimation, called Graph. Figure 
4.2, 4.3 and 4.4 show sample calculated data of LF slag, BH and Cyclone dust, 
respectively. As observed from these curves, saturation level was reached relatively 
fast, within 30 minutes, after which no significant amount of CO2 was captured. 
For example, one run with loaded LF slag, shows the  trend of captured CO2 
with time running, Figure 4.2. Another example for BH and Cyclone dust are shown 
in Figure 4.3 and 4.4, respectively. 
 
Figure 4.2: CO2 Captured through Gas Analyzer Data for LF Slag 
 
time [min]

















Figure 4.3: CO2 Captured through Gas Analyzer Data for BH Dust 
 
 
Figure 4.4: CO2 Captured through Gas Analyzer Data for Cyclone Dust 
time [min]




























The carbonation reached saturation after 20 minutes, for the run expressed in 
Figure 4.4, because the amount of loaded mass in the reactor was at low level (600 g) 
and the type of residue was Cyclone, the one that has the lowest content of calcium 
oxide. The area under the curve was calculated for each run, from the starting time 
till 30 minutes of reaction. The results were: 24.3 g, 63.6 g and 12.5 g for LF slag, 
BH and Cyclone dust respectively. A comparison of these results with their 
corresponding TGA analysis is set in Section 4.4.  
4.4 Results and Analysis After Carbonation 
In this section, many analyses were performed on a representative sample after 
each run, using different instruments. The result from each one is a proof that 
carbonation had occurred successfully. 
1) The simplest one is the indication of solubility, where dissolution analysis 
takes place. 10 g of carbonated residue was dissolved into 100 ml of distilled water 
to measure T.D.S. and pH. 
 













pH 11.47 10.45 11.57 10.30 12.56 10.44 
T.D.S. [ppm] 1426 952 758 155 14060 6720 
Table 6: Dissolution Test Results of Steel Residues before and after Carbonation 
A comparison between the measurements of carbonated and non-carbonated 






for all types of steel residues as a result of forming significant amount of less soluble 
carbonate. The biggest one (from 14060 till 6720 ppm) was for the BH dust, which 
has the much amount of calcium.  
2) TGA Data. A representative sample was taken from each run at the end of 
the experiment, and then tested using TGA. Table (7) shows the best comparison 
results. 
  














[mass loss %] 
1.3 3.5 0.9 6.2 8.7 20.7 
Table 7: TGA Data of Steel Residues before and after Carbonation 
TGA results represent the actual amount of CO2 captured and then sequestered 
in the steel residues, which is converted into the carbonate form. Figures 4.6 and 4.7 
show the TGA data of the BH and Cyclone dusts, respectively. As observed from 
these figures, there are some amount of carbonates in the fresh samples depending on 
the residue type. Thermal decomposition of carbonate starts within temperature 400 
ºC ± 20 ºC. 
It is good idea to compare the results obtained from this analysis, TGA, with 
those calculated by the gas analyzer measurements. i.e.: the comparison between 
CO2 captured and CO2 sequestered. This comparison shows the physical and 









Figure 4.5: TGA Data of LF Slag 
 
 
Figure 4.6: TGA Data of BH dust 
 TGA data
Temperature [C]




























Figure 4.7: TGA Data of Cyclone dust 
Total amount of CO2 sequestered by residues can be calculated as mentioned in the 
methodology part, and summarized in Table 8. 
 Cyclone Dust LF Slag BH Dust 
CO2 sequestered [g] 
Based on TGA Data 
10.8 19.7 51.4 
Table 8: Calculated Amount of CO2 Sequestered in Steel-making Residues Based on 
TGA Data 
 
A relative difference between the calculated amount of CO2 captured and CO2 




















 CO2 Captured CO2 Sequestered Relative difference [%] 
Cyclone Dust 12.5 10.8 13.6 
LF Slag 24.3 19.7 18.9 
BH Dust 63.6 51.4 19.1 
Table 9: Comparison between CO2 Captured and CO2 Sequestered of Carbonated 
Residues 
 
The differences reported in Table 9 are due to the consideration of physical and 
chemical adsorption of CO2 on the solid surface of residues, which can be indicated 
from the gas analyzer measurements, while TGA shows only the chemical adsorption 
of CO2 that really reacted, forming the carbonate. 
3) Leachability test and then analyzed by ICP. 
Table (10) shows a comparison among selected cations obtained from ICP, after 
applying the standard BS (EN12457 2002). 
Sample Name Ca K Si Al Na 
Fresh Cyclone 13.7 116 2.6 0.5 126 
Carbonated Cyclone 7.8 73 14.2 <0.05 97.5 
Fresh LF 85.3 0.8 1 43.6 2.7 
Carbonated LF 44.2 1.3 0.5 56 4.2 
Fresh BH 10 706 5.8 2.4 457 
Carbonated BH 0.4 407 10.4 0.7 307 
Table 10: Concentrations, in [ppm], of Selected Cations Measured by ICP 
There are significant reduction of leached ions after carbonation as a result of 
significant difference of the solubility of these minerals when they were in oxide and 
hydroxide forms. Based on solubility rules, in general, carbonates are frequently 






4) XRD Data. An extra description of chemical compositions of raw residues, 
XRD data specifies the crystals of minerals existed, mainly oxides, even if it has 
different crystal geometries such CaCO3, which has names: Calcite (C), Aragonite 
(A), Vaterite (V), or as a combination with Mg, Dolomite (D) CaMg(CO3)2. The 
following graph explains the disappearing of some minerals such Larnite (L) 
(CaSiO4), and Lime (M) (CaO). Hematite (H) also appears in both: before and after 
carbonation. Interpretation of these minerals was based on the data base available in 
the lab and that available in the web site: http://webmineral.com/ 
 
Figure 4.8: XRD Data of LF Slag before and after Carbonation 
 
5) SEM Images photos show the morphology of steel residues before and after 
carbonation of Cyclone dust residue. Smooth surface was covered by mineral 
carbonates that made sharp edges. These are the lattice of different minerals 









Figure 4.9: SEM Images of Cyclone Dust: a) before and b) after Carbonation 
4.5 Statistical Model Results 
Minitab software is an excellent and professional software that identify 
statistical model of experimental results. After defining that design, Box-Behnken 
design, with its responses, analyzing can be obtained easily using full quadratic 
model. i.e. Linear term, square term and 2-way interaction term. Full ANOVA results 














Overall Results were summarized in Table (11). 
X1 X2 X3 X4 Y M T Types 
1000 3 150 1.5 42.44 111.68 980 Cyclone 
1500 3 75 1.5 45.23 113.52 961 Cyclone 
1000 4 150 1.2 35.72 84.30 1114 Cyclone 
1000 2 150 1.2 41.60 108.61 992 Cyclone 
600 3 75 1.5 39.77 95.56 1045 Cyclone 
1000 4 150 1.8 34.36 78.08 1238 Cyclone 
1000 2 150 1.8 40.54 102.06 1012 Cyclone 
1500 3 300 1.5 41.84 110.50 988 Cyclone 
600 3 300 1.5 36.42 89.66 1082 Cyclone 
1500 3 150 1.8 48.63 123.28 168 LF 
1000 4 300 1.5 43.90 114.40 218 LF 
600 3 150 1.8 42.22 111.30 292 LF 
600 3 150 1.2 43.76 113.90 254 LF 
1000 2 300 1.5 45.09 116.80 208 LF 
1000 2 75 1.5 45.22 117.20 192 LF 
1000 4 75 1.5 42.66 112.70 283 LF 
1500 3 150 1.2 53.77 126.50 137 LF 
1000 3 150 1.5 54.39 128.87 116 LF 
1500 4 150 1.5 51.78 191.15 7270 BH 
600 2 150 1.5 52.34 193.37 6936 BH 
600 4 150 1.5 46.45 177.56 9118 BH 
1000 3 75 1.8 51.20 189.40 7637 BH 
1500 2 150 1.5 54.86 204.43 6720 BH 
600 3 300 1.8 48.74 184.82 8680 BH 
1000 3 150 1.5 53.87 195.70 6742 BH 
1000 3 75 1.2 49.89 188.64 8600 BH 
1000 3 300 1.2 44.40 168.45 10330 BH 
Table 11: The Overall Results for the Statistical Model 
 
Residual plots are the first proof of how the model fits the experimental data trend. 







Figure 4.10: Residual Plots for Response (M) 
Another proof is the ANOVA analysis. The main indications are: R-square of 
the model, p-value and obtained in the output of Minitab, and it is also supporting the 
first proof. Detailed Results of the regression equations and analysis of variance are 
available in Appendix. After the good fit of the matched model, optimization of the 
conditions is highly recommended. 






The prediction of the optimizer shows the maximum CO2 captured per 1-kg of 
residue loaded based on the calcium content (M) at 207 g ≈ 0.2 kg,  and can be 
achieved with conditions of: mass=1500 g, moisture percentage of 2.5% ≈ 3%, 
particle size of ≈ 150 μm and velocity ratio of ≈ 1.5 for BH dust residue. 
Contour plots, existed in the Appendix, show the effect of the interaction 
between two factors on the response. The curvature existed in contour plots indicates 
significant nonlinear relationships, which also supported by the significant p-values 
(most common considered <0.05) of 2-way interactions from the ANOVA tables. 
Figures below: Figure 4.12 till Figure 4.14 show the effect of each interaction on the 
major response (M).  
 


































Maximum value of (M) is at high level of mass loaded (factor X1) but at 
moderately low level of moisture content (factor X2). This conclusion makes sense 
where more amount of loaded residue enables further reaction with CO2 passed 
through the reactor providing further amounts of reactants (metal oxides). On the 
other hand, moisture contents with values closer to the low level provides better 
movement of the bed while fluidization preventing possible agglomerate, which can 
then affect the fluidization negatively. 
 
































As concluded from previous figure, this one also supports that maximum value 
of the response (M) is located at high level of factor (X1), the mass. It has the best 
interaction with particle size factor (X3) at a level slightly less than the medium 
level, around 100 μm, the major fraction of BH dust, at which the rich amount of 
minerals is existed. 
 
Figure 4.14: Effect of interaction X1 and X4 on CO2 Capture (M) 
Moderate level of fluidization, represented by the factor (X4), the ratio of 
superficial velocity (Us) (can be indicated by flow rate) to the minimum fluidization 


































reactor and also sufficient amount of CO2 passing through. At slightly rate above the 
minimum fluidization one does not provide the optimal movement, while at high 
level channelling has potential chance to occur and then leading to get inactive 
fluidization. 
The remained figures of 2-way interaction is available in the Appendix too. 
The same procedure is applied for responses (Y) and (T), which are also available in 
Appendix. 
 
Figure 4.15: Optimization Conditions for Response (Y) 
 
The efficiency of CO2 captured, the response (Y), has the maximum value, 
57.9, when the operational conditions are: mass loaded in the reactor is 1500 g, 
moisture content is 2.78, which is close to 3, average particle size is 154 μm, and the 
Us/Umf ratio is 1.4 when BH dust residue is loaded. Optimization composite of more 
than one response at the same time is available, and can be predicted too. The 







Figure 4.16: Optimization Conditions for both Responses (Y) and (M) 
No significant changes on the optimal conditions when ask Minitab program to 
run optimization of both responses together. Both (M) and (Y) had very close values 
to what obtained when optimizing each one separately. Optimizing conditions also 








Chapter 5: Conclusions and Recommendations 
 
5.1 Conclusions 
This research evaluated a simple concept that was employed to mitigate one of 
the most common sources of pollution, CO2 emissions. Mineral carbonation is one of 
the most promising approaches for mitigating CO2 emissions and getting more stable 
and environment-friendly compounds, the carbonates. 
As expected, fluidized bed reactor accelerated the mineral carbonation and 
showed relatively short period, 30 minutes, to achieve the carbonation. In addition, 
the hydration process, which is considered as a pre-treatment step, also accelerated 
the carbonation process.. The main parameters that affected the fluidization and the 
hydration processes were X2, percentage of the moisture content, and X4, the 
operating ratio of superficial velocity to the minimum fluidization velocity. 
Design of experiments allowed the use of surface response methodology to 
analyze the obtained data statistically for the effect of important parameters among 
the selected ones. Minitab program has a professional method not only in designing 
but also in analyzing the data statistically, which helps in understanding the 
behaviour of carbonation process by: a) finding operating conditions that give the 
best response, which satisfy operating or process specifications, and b) identifying 
new operating conditions that produce improvements in the product quality. The 
considered responses: CO2 capture efficiency (Y) and the ratio of CO2 captured to 
the loaded mass of residue based on calcium content (M) were found to be at 






conditions of: steel residue mass (X1) = 1500 g;  moisture content (X2) = 3 %; 
average particle size (X3) = 150 μm; and  Us/Umf (X4) = 1.5. 
Non-traditional method used in this study for calculating CO2 captured directly 
from gas analyzer indicated both physical and chemical adsorption of CO2 on the 
solid particles. Results obtained from this method were compared with the traditional 
one, which indicates only the sequestration of CO2 in the form of carbonate. The 
relative percent differences between the traditional and non-traditional method were: 
13.6 %, 18.9% and 19.1% for Cyclone dust, LF slag and BH dust, respectively. The 




Further studying is highly recommended in order to enhance the description of 
this system and going forward to provide a more applicable system for industry. 
Additional affecting parameters should be studied even though they may not be 
easily observed and may need advanced technology to achieve that. The distributor 
geometry of the gas inlet is one of these parameters in order to study the movement 
dynamics across the distributor and then the efficiency of fluidization along the 
reactor even through computational simulation using advanced programs such 
ANSYS or COMSOL. 
By-product wastes by other industries, such Cement Industries, Aluminum 






goal is to develop an on-site system that have the ability to mitigate CO2 emissions 








Ahmad, N. N. N., & Hossain, D. M. (2015). Climate Change and Global Warming 
Discourses and Disclosures in the Corporate Annual Reports: A Study on the 
Malaysian Companies. Procedia - Social and Behavioral Sciences, 172(0), 246-253. 
 
Akorede, M. F., Hizam, H., Ab Kadir, M. Z. A., Aris, I., & Buba, S. D. (2012). Mitigating 
the anthropogenic global warming in the electric power industry. Renewable and 
Sustainable Energy Reviews, 16(5), 2747-2761. 
 
Arickx, S., Van Gerven, T., & Vandecasteele, C. (2006). Accelerated carbonation for 
treatment of MSWI bottom ash. Journal of Hazardous Materials, 137(1), 235-243. 
 
Bałdyga, J., Henczka, M., & Sokolnicka, K. (2010). Utilization of carbon dioxide by 
chemically accelerated mineral carbonation. Materials Letters, 64(6), 702-704. 
 
Beruto, D. T., & Botter, R. (2000). Liquid-like H2O adsorption layers to catalyze the 
Ca(OH)2/CO2 solid–gas reaction and to form a non-protective solid product layer at 
20°C. Journal of the European Ceramic Society, 20(4), 497-503. 
 
Bobicki, E. R., Liu, Q., Xu, Z., & Zeng, H. (2012). Carbon capture and storage using 
alkaline industrial wastes. Progress in Energy and Combustion Science, 38(2), 302-
320. 
 
Bonenfant, D., Kharoune, L., Sauve´, S., Hausler, R., Niquette, P., Mimeault, M., et al. 
(2008). CO2 Sequestration Potential of Steel Slags at Ambient Pressure and 
Temperature. Industrial & Engineering Chemistry Research, 47(20), 7610-7616. 
 
Bonfils, B., Julcour-Lebigue, C., Guyot, F., Bodénan, F., Chiquet, P., & Bourgeois, F. 
(2012). Comprehensive analysis of direct aqueous mineral carbonation using 
dissolution enhancing organic additives. International Journal of Greenhouse Gas 
Control, 9, 334-346. 
 
Chang, E. E., Chen, C.-H., Chen, Y.-H., Pan, S.-Y., & Chiang, P.-C. (2011). Performance 
evaluation for carbonation of steel-making slags in a slurry reactor. Journal of 
Hazardous Materials, 186(1), 558-564. 
 
Chang, E. E., Pan, S.-Y., Chen, Y.-H., Chu, H.-W., Wang, C.-F., & Chiang, P.-C. (2011). 
CO2 sequestration by carbonation of steelmaking slags in an autoclave reactor. 
Journal of Hazardous Materials, 195(0), 107-114. 
 
Chizmeshya, A. V. G., McKelvy, M. J., Sharma, R., Carpenter, R. W., & Bearat, H. (2003). 
Density functional theory study of the decomposition of Mg (OH) 2: a lamellar 
dehydroxylation model. Materials chemistry and physics, 77(2), 416-425. 
 
Cizer, Ö., Van Balen, K., Van Gemert, D., & Elsen, J. (2009). Competition between 
carbonation and hydration on the hardening of calcium hydroxide and calcium 
silicate binders (Vol. 2): WTA Publications. 
 
DaCosta, H. F., Fan, M., & Russell, A. T. (2009). Method to sequester CO2 as mineral 







Daval, D., Martinez, I., Corvisier, J., Findling, N., Goffé, B., & Guyot, F. (2009). 
Carbonation of Ca-bearing silicates, the case of wollastonite: Experimental 
investigations and kinetic modeling. Chemical Geology, 265(1–2), 63-78. 
 
Doucet, F. J. (2010). Effective CO2-specific sequestration capacity of steel slags and 
variability in their leaching behaviour in view of industrial mineral carbonation. 
Minerals Engineering, 23(3), 262-269. 
 
Dri, M., Sanna, A., & Maroto-Valer, M. M. (2013). Dissolution of steel slag and recycled 
concrete aggregate in ammonium bisulphate for CO2 mineral carbonation. Fuel 
Processing Technology, 113, 114-122. 
 
Dri, M., Sanna, A., & Maroto-Valer, M. M. (2014a). Mass and Energy Balance of NH4-salts 
pH Swing Mineral Carbonation Process Using Steel Slag. Energy Procedia, 63, 
6544-6547. 
 
Dri, M., Sanna, A., & Maroto-Valer, M. M. (2014b). Mineral carbonation from metal wastes: 
Effect of solid to liquid ratio on the efficiency and characterization of carbonated 
products. Applied Energy, 113(0), 515-523. 
 
Dutta, P. K., & Radner, R. (2009). A strategic analysis of global warming: Theory and some 
numbers. Journal of Economic Behavior & Organization, 71(2), 187-209. 
 
EAD, E. A. A. D. (2012). Greenhouse Gas Inventory for Abu Dhabi Emirate. 
 
El-Naas, M. H., El Gamal, M., Hameedi, S., & Mohamed, A.-M. O. (2015). CO2 
sequestration using accelerated gas-solid carbonation of pre-treated EAF steel-
making bag house dust. Journal of Environmental Management, 156, 218-224. 
 
Eloneva, S., Teir, S., Salminen, J., Fogelholm, C.-J., & Zevenhoven, R. (2008). Fixation of 
CO2 by carbonating calcium derived from blast furnace slag. Energy, 33(9), 1461-
1467. 
 
Fabian, M., Shopska, M., Paneva, D., Kadinov, G., Kostova, N., Turianicová, E., et al. 
(2010). The influence of attrition milling on carbon dioxide sequestration on 
magnesium–iron silicate. Minerals Engineering, 23(8), 616-620. 
 
Fagerlund, J., Highfield, J., & Zevenhoven, R. (2012). Kinetics studies on wet and dry gas-
solid carbonation of MgO and Mg(OH)2 for CO2 sequestration. 
[10.1039/C2RA21428H]. RSC Advances, 2(27), 10380-10393. 
 
Falkowski, P., Scholes, R. J., Boyle, E., Canadell, J., Canfield, D., Elser, J., et al. (2000). The 
Global Carbon Cycle: A Test of Our Knowledge of Earth as a System. 
[10.1126/science.290.5490.291]. Science, 290(5490), 291-296. 
 
Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., et al. (2004). 
Impact of Anthropogenic CO2 on the CaCO3 System in the Oceans. 
[10.1126/science.1097329]. Science, 305(5682), 362-366. 
 
Feng, S., Hu, Q., Huang, W., Ho, C.-H., Li, R., & Tang, Z. (2014). Projected climate regime 
shift under future global warming from multi-model, multi-scenario CMIP5 







Fernández Bertos, M., Simons, S. J. R., Hills, C. D., & Carey, P. J. (2004). A review of 
accelerated carbonation technology in the treatment of cement-based materials and 
sequestration of CO2. Journal of Hazardous Materials, 112(3), 193-205. 
 
Florides, G. A., & Christodoulides, P. (2009). Global warming and carbon dioxide through 
sciences. Environment International, 35(2), 390-401. 
 
Fogler, H. S. (1981). Chemical Reactors (Vol. 168): American Chemical Society. 
 
Fujii, K., & Kondo, W. (1983). Communications of the American Ceramic Society 
Estimation of Thermochemical Data for Calcium Silicate Hydrate (C‐S‐H). Journal 
of the American Ceramic Society, 66(12). 
 
Gahan, C. S., Cunha, M. L., & Sandström, Å. (2009). Comparative study on different steel 
slags as neutralising agent in bioleaching. Hydrometallurgy, 95(3–4), 190-197. 
 
Gerdemann, S. J., Dahlin, D. C., & O'Connor, W. K. (2003). Carbon Dioxide Sequestration 
by Aqueous Mineral Carbonation of Magnesium Silicate Minerals. In J. G. Kaya 
(Ed.), Greenhouse Gas Control Technologies - 6th International Conference (pp. 
677-682). Oxford: Pergamon. 
 
Gerdemann, S. J., O'Connor, W. K., Dahlin, D. C., Penner, L. R., & Rush, H. (2007). Ex Situ 
Aqueous Mineral Carbonation. Environmental Science & Technology, 41(7), 2587-
2593. 
 
Gislason, S. R., Wolff-Boenisch, D., Stefansson, A., Oelkers, E. H., Gunnlaugsson, E., 
Sigurdardottir, H., et al. (2010). Mineral sequestration of carbon dioxide in basalt: A 
pre-injection overview of the CarbFix project. International Journal of Greenhouse 
Gas Control, 4(3), 537-545. 
 
Haug, T. A., Kleiv, R. A., & Munz, I. A. (2010). Investigating dissolution of mechanically 
activated olivine for carbonation purposes. Applied Geochemistry, 25(10), 1547-
1563. 
 
Huijgen, W., Witkamp, G.-J., & Comans, R. (2005). Mineral CO2 sequestration in alkaline 
solid residues. In E. S. R. W. K. F. G. Wilson & T. M. G. Thambimuthu (Eds.), 
Greenhouse Gas Control Technologies 7 (pp. 2415-2418). Oxford: Elsevier Science 
Ltd. 
 
Huijgen, W. J. J., & Comans, R. N. J. (2005a). Carbon dioxide sequestration by mineral 
carbonation Literature Review update 2003-2004. Netherlands. 
 
Huijgen, W. J. J., & Comans, R. N. J. (2005b). Mineral CO2 sequestration by carbonation of 
industrial residues: Literature review and selection of residue. Energy Research 
Centre of the Netherlands ECN-C–05-074: Petten, The Netherlands. 
 
Huijgen, W. J. J., & Comans, R. N. J. (2006). Carbonation of Steel Slag for CO2 
Sequestration:  Leaching of Products and Reaction Mechanisms. Environmental 
Science & Technology, 40(8), 2790-2796. 
 
Huijgen, W. J. J., Witkamp, G.-J., & Comans, R. N. J. (2006). Mechanisms of aqueous 
wollastonite carbonation as a possible CO2 sequestration process. Chemical 







Huntzinger, D. N., Gierke, J. S., Kawatra, S. K., Eisele, T. C., & Sutter, L. L. (2009). Carbon 
Dioxide Sequestration in Cement Kiln Dust through Mineral Carbonation. 
Environmental Science & Technology, 43(6), 1986-1992. 
 
Huntzinger, D. N., Gierke, J. S., Sutter, L. L., Kawatra, S. K., & Eisele, T. C. (2009). 
Mineral carbonation for carbon sequestration in cement kiln dust from waste piles. 
Journal of Hazardous Materials, 168(1), 31-37. 
 
Iizuka, A., Fujii, M., Yamasaki, A., & Yanagisawa, Y. (2004). Development of a New CO2 
Sequestration Process Utilizing the Carbonation of Waste Cement. Industrial & 
Engineering Chemistry Research, 43(24), 7880-7887. 
 
IPCC. (2016). Intergovernmental Panel on Climate Change Organization Web Site. from 
http://www.ipcc.ch/organization/organization.shtml 
 
Kakizawa, M., Yamasaki, A., & Yanagisawa, Y. (2001). A new CO2 disposal process via 
artificial weathering of calcium silicate accelerated by acetic acid. Energy, 26(4), 
341-354. 
 
Kaku, K. (2011). An Inconvenient Truth-Global Warming on Greenhouse Gas (GHG) 
Reduction under Kyoto Protocol Regime to Post Kyoto Protocol in ASIA. Procedia 
Engineering, 8(0), 515-519. 
 
Kelemen, P. B., & Matter, J. (2008). In situ carbonation of peridotite for CO2 storage. 
Proceedings of the National Academy of Sciences, 105(45), 17295-17300. 
 
Kodama, S., Nishimoto, T., Yamamoto, N., Yogo, K., & Yamada, K. (2008). Development 
of a new pH-swing CO2 mineralization process with a recyclable reaction solution. 
Energy, 33(5), 776-784. 
 
Krevor, S. C. M., & Lackner, K. S. (2011). Enhancing serpentine dissolution kinetics for 
mineral carbon dioxide sequestration. International Journal of Greenhouse Gas 
Control, 5(4), 1073-1080. 
 
Kunii, D., & Levenspiel, O. (2013). Fluidization engineering: Elsevier. 
 
Kwak, J. H., Hu, J. Z., Hoyt, D. W., Sears, J. A., Wang, C., Rosso, K. M., et al. (2010). 
Metal Carbonation of Forsterite in Supercritical CO2 and H2O Using Solid State 
29Si, 13C NMR Spectroscopy. The Journal of Physical Chemistry C, 114(9), 4126-
4134. 
 
Kwon, S., Fan, M., Dacosta, H. F. M., Russell, A. G., & Tsouris, C. (2011). Reaction 
Kinetics of CO2 Carbonation with Mg-Rich Minerals. The Journal of Physical 
Chemistry A, 115(26), 7638-7644. 
 
Lackner, K. S. (2003). A Guide to CO2 Sequestration. [10.1126/science.1079033]. Science, 
300(5626), 1677-1678. 
 
Lackner, K. S., Wendt, C. H., Butt, D. P., Joyce Jr, E. L., & Sharp, D. H. (1995). Carbon 
dioxide disposal in carbonate minerals. Energy, 20(11), 1153-1170. 
 
Lee, D. K. (2004). An apparent kinetic model for the carbonation of calcium oxide by carbon 







Lekakh, S. N., Rawlins, C. H., Robertson, D. G. C., Richards, V. L., & Peaslee, K. D. 
(2008). Kinetics of Aqueous Leaching and Carbonization of Steelmaking Slag. 
Metallurgical and Materials Transactions B, 39(1), 125-134. 
 
Lekakh, S. N., Robertson, D. G. C., Rawlins, C. H., Richards, V. L., & Peaslee, K. D. 
(2008). Investigation of a Two-Stage Aqueous Reactor Design for Carbon Dioxide 
Sequestration Using Steelmaking Slag. Metallurgical and Materials Transactions B, 
39(3), 484-492. 
 
Lin, P.-C., Huang, C.-W., Hsiao, C.-T., & Teng, H. (2008). Magnesium Hydroxide Extracted 
from a Magnesium-Rich Mineral for CO2 Sequestration in a Gas–Solid System. 
Environmental Science & Technology, 42(8), 2748-2752. 
 
Maroto-Valer, M. M., Fauth, D. J., Kuchta, M. E., Zhang, Y., & Andrésen, J. M. (2005). 
Activation of magnesium rich minerals as carbonation feedstock materials for CO2 
sequestration. Fuel Processing Technology, 86(14–15), 1627-1645. 
 
Massazza, F. (1998). 10 - Pozzolana and Pozzolanic Cements A2 - Hewlett, Peter C Lea's 
Chemistry of Cement and Concrete (Fourth Edition)  (pp. 471-635). Oxford: 
Butterworth-Heinemann. 
 
Meunier, F. (2007). The greenhouse effect: A new source of energy. Applied Thermal 
Engineering, 27(2–3), 658-664. 
 
Mohamed, A.-M. O., & El Gamal, M. M. (2014). Method for treating particulate material: 
Google Patents. 
 
Monkman, S., & Shao, Y. (2006). Assessing the Carbonation Behavior of Cementitious 
Materials. Journal of Materials in Civil Engineering, 18(6), 768-776. 
 
Montgomery, D. C. (2008). Design and analysis of experiments: John Wiley & Sons. 
Moorehead, D. R. (1986). Cementation by the carbonation of hydrated lime. Cement and 
Concrete Research, 16(5), 700-708. 
 
Morgan, S. L. (2016). Solubility rules! Guidelines for chemical compound solubility. 
Morone, M., Costa, G., Polettini, A., Pomi, R., & Baciocchi, R. (2014). Valorization of steel 
slag by a combined carbonation and granulation treatment. Minerals Engineering, 
59(0), 82-90. 
 
Mun, M., & Cho, H. (2013a). Mineral Carbonation for Carbon Sequestration with Industrial 
Waste. Energy Procedia, 37, 6999-7005. 
 
Mun, M., & Cho, H. (2013b). Mineral Carbonation for Carbon Sequestration with Industrial 
Waste. Energy Procedia, 37(0), 6999-7005. 
 
Munz, I. A., Kihle, J., Brandvoll, Ø., Machenbach, I., Carey, J. W., Haug, T. A., et al. 
(2009). A continuous process for manufacture of magnesite and silica from olivine, 
CO2 and H2O. Energy Procedia, 1(1), 4891-4898. 
 
Olajire, A. A. (2013). A review of mineral carbonation technology in sequestration of CO2. 







Orth, A., Anastasijevic, N., & Eichberger, H. (2007). Low CO2 emission technologies for 
iron and steelmaking as well as titania slag production. Minerals Engineering, 20(9), 
854-861. 
 
Pan, S.-Y., Chang, E. E., & Chiang, P.-C. (2012). CO 2 capture by accelerated carbonation 
of alkaline wastes: a review on its principles and applications. Aerosol and Air 
Quality Research, 12(5), 770-791. 
 
Park, A.-H. A., Jadhav, R., & Fan, L.-S. (2003). CO2 mineral sequestration: chemically 
enhanced aqueous carbonation of serpentine. Canadian journal of chemical 
engineering, 81(3-4), 885-890. 
 
Pokrovsky, O. S., Golubev, S. V., Schott, J., & Castillo, A. (2009). Calcite, dolomite and 
magnesite dissolution kinetics in aqueous solutions at acid to circumneutral pH, 25 
to 150 °C and 1 to 55 atm pCO2: New constraints on CO2 sequestration in 
sedimentary basins. Chemical Geology, 265(1–2), 20-32. 
 
Prigiobbe, V., Polettini, A., & Baciocchi, R. (2009). Gas–solid carbonation kinetics of Air 
Pollution Control residues for CO2 storage. Chemical Engineering Journal, 148(2–
3), 270-278. 
 
Pulselli, F. M. (2008). Global Warming Potential and the Net Carbon Balance. In S. E. J. D. 
Fath (Ed.), Encyclopedia of Ecology (pp. 1741-1746). Oxford: Academic Press. 
 
Renforth, P., & Manning, D. A. C. (2011). Laboratory carbonation of artificial silicate gels 
enhanced by citrate: Implications for engineered pedogenic carbonate formation. 
International Journal of Greenhouse Gas Control, 5(6), 1578-1586. 
 
Renforth, P., Washbourne, C. L., Taylder, J., & Manning, D. A. C. (2011). Silicate 
Production and Availability for Mineral Carbonation. Environmental Science & 
Technology, 45(6), 2035-2041. 
 
Resources, E. S. (2015). Resources - Emirates Steel. from 
http://www.emiratessteel.com/index.php/en/e-services/resources 
 
Salek, S. S., Kleerebezem, R., Jonkers, H. M., Voncken, J. H. L., & Loosdrecht, M. C. M. 
(2012). Determining the impacts of fermentative bacteria on wollastonite dissolution 
kinetics. Applied Microbiology and Biotechnology, 97(6), 2743-2752. 
 
Sanna, A., Dri, M., Hall, M. R., & Maroto-Valer, M. (2012). Waste materials for carbon 
capture and storage by mineralisation (CCSM) – A UK perspective. Applied Energy, 
99(0), 545-554. 
 
Sanna, A., Dri, M., & Maroto-Valer, M. (2013). Carbon dioxide capture and storage by pH 
swing aqueous mineralisation using a mixture of ammonium salts and antigorite 
source. Fuel, 114, 153-161. 
 
Sanna, A., Ramli, I., & Mercedes Maroto-Valer, M. (2015). Development of 
sodium/lithium/fly ash sorbents for high temperature post-combustion CO2 capture. 
Applied Energy, 156, 197-206. 
 
Santos, R. M., Van Bouwel, J., Vandevelde, E., Mertens, G., Elsen, J., & Van Gerven, T. 






waste valorization: Effect of process parameters on geochemical properties. 
International Journal of Greenhouse Gas Control, 17(0), 32-45. 
 
Santos, R. M., & Van Gerven, T. (2011). Process intensification routes for mineral 
carbonation*. Greenhouse Gases: Science and Technology, 1(4), 287-293. 
 
Schiedek, D., Sundelin, B., Readman, J. W., & Macdonald, R. W. (2007). Interactions 
between climate change and contaminants. Marine Pollution Bulletin, 54(12), 1845-
1856. 
 
Shen, H., & Forssberg, E. (2003). An overview of recovery of metals from slags. Waste 
Management, 23(10), 933-949. 
 
Sipilä, J., Teir, S., & Zevenhoven, R. (2008). Carbon dioxide sequestration by mineral 
carbonation Literature review update 2005–2007: Åbo Akademi University Faculty 
of Technology Heat Engineering Laboratory. 
 
site, E. W. (2015). Home - Emirates Steel. from http://www.emiratessteel.com/index.php/en/ 
Steel, E. (2016). Emirates Steel. from http://www.emiratessteel.com/index.php/en/e-
services/resources 
 
Stockmann, G. J., Wolff-Boenisch, D., Gislason, S. R., & Oelkers, E. H. (2013). Do 
carbonate precipitates affect dissolution kinetics?: 2: Diopside. Chemical Geology, 
337–338, 56-66. 
 
Stolaroff, J. K., Lowry, G. V., & Keith, D. W. (2005). Using CaO- and MgO-rich industrial 
waste streams for carbon sequestration. Energy Conversion and Management, 46(5), 
687-699. 
 
Taylor, H. F. W. (1997). Cement chemistry: Thomas Telford. 
 
Teir, S., Eloneva, S., Fogelholm, C.-J., & Zevenhoven, R. (2007). Dissolution of steelmaking 
slags in acetic acid for precipitated calcium carbonate production. Energy, 32(4), 
528-539. 
 
Teir, S., Kuusik, R., Fogelholm, C.-J., & Zevenhoven, R. (2007). Production of magnesium 
carbonates from serpentinite for long-term storage of CO2. International Journal of 
Mineral Processing, 85(1–3), 1-15. 
 
Teir, S., Revitzer, H., Eloneva, S., Fogelholm, C.-J., & Zevenhoven, R. (2007). Dissolution 
of natural serpentinite in mineral and organic acids. International Journal of Mineral 
Processing, 83(1–2), 36-46. 
 
Tongpool, R., Jirajariyavech, A., Yuvaniyama, C., & Mungcharoen, T. (2010). Analysis of 
steel production in Thailand: Environmental impacts and solutions. Energy, 35(10), 
4192-4200. 
 
Uibu, M., Uus, M., & Kuusik, R. (2009). CO2 mineral sequestration in oil-shale wastes from 
Estonian power production. Journal of Environmental Management, 90(2), 1253-
1260. 
 
Uroz, S., Calvaruso, C., Turpault, M. P., Sarniguet, A., de Boer, W., Leveau, J. H. J., et al. 
(2009). Efficient mineral weathering is a distinctive functional trait of the bacterial 







Wang, K., Wang, C., Lu, X., & Chen, J. (2007). Scenario analysis on CO2 emissions 
reduction potential in China's iron and steel industry. Energy Policy, 35(4), 2320-
2335. 
 
Wang, X., & Maroto-Valer, M. (2011). Integration of CO2 capture and storage based on pH-
swing mineral carbonation using recyclable ammonium salts. Energy Procedia, 4, 
4930-4936. 
 
Warming, G. G. (2015). IPCC 4th Report. from http://www.global-greenhouse-
warming.com/IPCC-4th-Report.html 
 
Warming, G. G. (2016). Global Greenhouse Warming. from http://www.global-greenhouse-
warming.com/IPCC-4th-Report.html 
 
Wee, J.-H. (2013). A review on carbon dioxide capture and storage technology using coal fly 
ash. Applied Energy, 106(0), 143-151. 
 
Winter, R. A. (2014). Innovation and the dynamics of global warming. Journal of 
Environmental Economics and Management, 68(1), 124-140. 
 
Xu, C., & Cang, D.-q. (2010). A Brief Overview of Low CO2 Emission Technologies for 
Iron and Steel Making. Journal of Iron and Steel Research, International, 17(3), 1-7. 
 
Young, J. F., Berger, R. L., & Breese, J. (1974). Accelerated Curing of Compacted Calcium 
Silicate Mortars on Exposure to CO2. Journal of the American Ceramic Society, 
57(9), 394-397. 
 
Zevenhoven, R., Fagerlund, J., & Songok, J. K. (2011). CO2 mineral sequestration: 
developments toward large-scale application. Greenhouse Gases: Science and 








List of Publications 
 
1. Muftah H. El-Naas, Suhaib Hameedi, Maisa El Gamal, Abdel-Mohsen  
Mohamed (2014) "Carbon Sequestration through Steel-Making By-products" 





,  February. 
 
2. Suhaib Hameedi,  Muftah H. El-Naas, Maisa M. El Gamal,  Abdel-Mohsen 
O. Mohamed (2015) "Sequestration of Carbon Dioxide through Carbonation 
of Steel-making Residues" 19th Middle East Oil & Gas Show and Conference, 
8-11 March, Society of Petroleum Engineers (SPE) Middle East Regional 
Student Paper Contest, Bahrain. 
 
3. Suhaib Hameedi,  Muftah H. El-Naas, Maisa M. El Gamal,  Abdel-Mohsen 
O. Mohamed (2015) "CO2 Sequestration and Storage in Steel-Making 
Residues" 1'st UAE Graduate Students Research Conference (UAE GSRC), 
22-24 March. 
 
4. Muftah H. El-Naas, Maisa M. El Gamal, Suhaib Hameedi, Abdel-Mohsen O. 
Mohamed, "CO2 sequestration using accelerated gas-solid carbonation of 
pre-treated EAF steel-making bag house dust" Journal of Environmental 













Regression Equation in Uncoded Units 
 
Types 
BH       Y = -60.2 + 0.0241 X1 + 15.92 X2 - 0.0077 X3 + 106.5 X4 -
 0.000004 X1*X1 
             - 3.35 X2*X2 - 0.000258 X3*X3 - 35.5 X4*X4 + 0.00152 X1*X2 -
 0.000006 X1*X3 
             - 0.00881 X1*X4 + 0.0060 X2*X3 - 0.26 X2*X4 + 0.0563 X3*X4 
 
Cyclone  Y = -71.0 + 0.0241 X1 + 15.92 X2 - 0.0077 X3 + 106.5 X4 -
 0.000004 X1*X1 
             - 3.35 X2*X2 - 0.000258 X3*X3 - 35.5 X4*X4 + 0.00152 X1*X2 -
 0.000006 X1*X3 
             - 0.00881 X1*X4 + 0.0060 X2*X3 - 0.26 X2*X4 + 0.0563 X3*X4 
 
LF       Y = -64.2 + 0.0241 X1 + 15.92 X2 - 0.0077 X3 + 106.5 X4 -
 0.000004 X1*X1 
             - 3.35 X2*X2 - 0.000258 X3*X3 - 35.5 X4*X4 + 0.00152 X1*X2 -
 0.000006 X1*X3 








Response Surface Regression: Y versus X1, X2, X3, X4, Types 
 
Analysis of Variance 
 
Source     DF   Seq SS  Contribution   Adj SS   Adj MS  F-Value  P-Value 
Model      16  828.392        93.34%  828.392   51.774     8.77    0.001 
  Linear    6  700.730        78.96%  641.233  106.872    18.09    0.000 
    X1      1   86.479         9.74%   86.816   86.816    14.70    0.003 
    X2      1   51.194         5.77%   36.090   36.090     6.11    0.033 
    X3      1   17.766         2.00%    9.804    9.804     1.66    0.227 
    X4      1    0.215         0.02%    0.172    0.172     0.03    0.868 
    Types   2  545.076        61.42%  517.828  258.914    43.84    0.000 
  Square    4   96.722        10.90%  103.065   25.766     4.36    0.027 
    X1*X1   1   10.761         1.21%    2.985    2.985     0.51    0.493 
    X2*X2   1   21.722         2.45%   58.799   58.799     9.96    0.010 
    X3*X3   1   17.538         1.98%   43.338   43.338     7.34    0.022 
    X4*X4   1   46.701         5.26%   54.697   54.697     9.26    0.012 
  2-Way Int.6   30.940         3.49%   30.940    5.157     0.87    0.547 
    X1*X2   1    1.844         0.21%    1.889    1.889     0.32    0.584 
    X1*X3   1    4.001         0.45%    0.489    0.489     0.08    0.779 
    X1*X4   1   10.739         1.21%    6.013    6.013     1.02    0.337 
    X2*X3   1    1.975         0.22%    1.975    1.975     0.33    0.576 
    X2*X4   1    0.024         0.00%    0.024    0.024     0.00    0.951 
    X3*X4   1   12.357         1.39%   12.357   12.357     2.09    0.179 
Error      10   59.063         6.66%   59.063    5.906 






      S    R-sq  R-sq(adj)    PRESS  R-sq(pred) 





Term        Effect    Coef  SE Coef       95% CI       T-Value  P-Value   VIF 
Constant             50.56     1.53  ( 47.15,  53.96)    33.05    0.000 
X1           5.593   2.797    0.729  ( 1.171,  4.422)     3.83    0.003  1.16 
X2          -3.728  -1.864    0.754  (-3.544, -0.184)    -2.47    0.033  1.16 
X3          -1.897  -0.949    0.736  (-2.589,  0.692)    -1.29    0.227  1.17 
X4           0.281   0.141    0.823  (-1.694,  1.975)     0.17    0.868  1.36 
Types 
  BH         9.787   4.893    0.678  ( 3.383,  6.404)     7.22    0.000  1.40 
  Cyclone  -11.744  -5.872    0.666  (-7.356, -4.387)    -8.81    0.000  1.35 
  LF         1.957   0.979    0.665  (-0.503,  2.460)     1.47    0.172     * 
X1*X1        -1.54   -0.77     1.09  ( -3.19,   1.65)    -0.71    0.493  1.31 
X2*X2        -6.71   -3.35     1.06  ( -5.72,  -0.99)    -3.16    0.010  1.28 
X3*X3        -6.52   -3.26     1.20  ( -5.94,  -0.58)    -2.71    0.022  1.29 
X4*X4        -6.39   -3.20     1.05  ( -5.54,  -0.86)    -3.04    0.012  1.22 
X1*X2         1.37    0.68     1.21  ( -2.01,   3.38)     0.57    0.584  1.02 
X1*X3        -0.65   -0.32     1.12  ( -2.83,   2.18)    -0.29    0.779  1.28 
X1*X4        -2.38   -1.19     1.18  ( -3.82,   1.44)    -1.01    0.337  1.19 
X2*X3         1.36    0.68     1.17  ( -1.93,   3.29)     0.58    0.576  1.14 
X2*X4        -0.15   -0.08     1.22  ( -2.78,   2.63)    -0.06    0.951  1.00 
X3*X4         3.80    1.90     1.31  ( -1.03,   4.83)     1.45    0.179  1.39 
 
 




Response  Goal     Lower  Target  Upper  Weight  Importance 










                                                           Y     Composite 
Solution  X1       X2       X3       X4       Types      Fit  Desirability 
1         1500     2.78788  154.545  1.42424  BH     57.9057       1.00000 
2         1497.70  2.08184  87.4830  1.47920  BH     55.0000       1.00000 
3         1500     2.13677  83.3414  1.22931  BH     54.7882       0.95764 
4         1500     3.71270  103.956  1.37688  BH     54.2103       0.84206 
 
Response Surface Regression: M versus X1, X2, X3, X4, Types  
 
Analysis of Variance 
 
Source               DF   Seq SS  Contribution   Adj SS   Adj MS  F-Value  P-Value 
Model                16  41568.3        99.10%  41568.3   2598.0    69.19    0.000 
  Linear              6  40752.8        97.16%  39163.3   6527.2   173.84    0.000 
    X1                1    171.1         0.41%    618.8    618.8    16.48    0.002 
    X2                1    591.9         1.41%    439.0    439.0    11.69    0.007 
    X3                1    100.2         0.24%     34.6     34.6     0.92    0.360 
    X4                1      0.4         0.00%     37.8     37.8     1.01    0.339 
    Types             2  39889.1        95.10%  38240.6  19120.3   509.22    0.000 
  Square              4    566.0         1.35%    569.4    142.3     3.79    0.040 
    X1*X1             1     83.9         0.20%      8.7      8.7     0.23    0.641 
    X2*X2             1     59.8         0.14%    248.7    248.7     6.62    0.028 
    X3*X3             1     29.1         0.07%    146.1    146.1     3.89    0.077 
    X4*X4             1    393.2         0.94%    420.0    420.0    11.19    0.007 
  2-Way Interaction   6    249.6         0.59%    249.6     41.6     1.11    0.421 
    X1*X2             1      1.5         0.00%      1.6      1.6     0.04    0.842 
    X1*X3             1      3.1         0.01%      5.1      5.1     0.13    0.721 
    X1*X4             1     18.1         0.04%      1.2      1.2     0.03    0.863 
    X2*X3             1     19.7         0.05%     19.7     19.7     0.52    0.486 
    X2*X4             1      0.0         0.00%      0.0      0.0     0.00    0.980 
    X3*X4             1    207.3         0.49%    207.3    207.3     5.52    0.041 
Error                10    375.5         0.90%    375.5     37.5 
Total                26  41943.8       100.00% 
 
 
Regression Equation in Uncoded Units 
 
Types 
BH       M = -34 + 0.0280 X1 + 29.5 X2 - 0.263 X3 + 262.3 X4 - 0.000006 X1*X1 -
 6.90 X2*X2 - 0.000473 X3*X3 - 98.4 X4*X4 + 0.00139 X1*X2 + 0.000021 X1*X3 -
 0.0039 X1*X4 + 0.0190 X2*X3 + 0.3 X2*X4 + 0.2307 X3*X4 
 
Cyclone  M = -124 + 0.0280 X1 + 29.5 X2 - 0.263 X3 + 262.3 X4 - 0.000006 X1*X1 -
 6.90 X2*X2 - 0.000473 X3*X3 - 98.4 X4*X4 + 0.00139 X1*X2 + 0.000021 X1*X3 -
 0.0039 X1*X4 + 0.0190 X2*X3 + 0.3 X2*X4 + 0.2307 X3*X4 
 
LF       M = -105 + 0.0280 X1 + 29.5 X2 - 0.263 X3 + 262.3 X4 - 0.000006 X1*X1 -
 6.90 X2*X2 - 0.000473 X3*X3 - 98.4 X4*X4 + 0.00139 X1*X2 + 0.000021 X1*X3 -




      S    R-sq  R-sq(adj)    PRESS  R-sq(pred) 





Term       Effect    Coef  SE Coef       95% CI       T-Value  P-Value   VIF 
Constant           146.27     3.86  (137.68, 154.87)    37.92    0.000 
X1          14.93    7.47     1.84  (  3.37,  11.56)     4.06    0.002  1.16 
X2         -13.00   -6.50     1.90  (-10.74,  -2.26)    -3.42    0.007  1.16 
X3          -3.57   -1.78     1.86  ( -5.92,   2.35)    -0.96    0.360  1.17 
X4           4.17    2.08     2.08  ( -2.54,   6.71)     1.00    0.339  1.36 
Types 
  BH       106.79   53.40     1.71  ( 49.59,  57.20)    31.24    0.000  1.40 






  LF       -34.38  -17.19     1.68  (-20.93, -13.45)   -10.25    0.000     * 
X1*X1       -2.63   -1.31     2.74  ( -7.41,   4.78)    -0.48    0.641  1.31 
X2*X2      -13.80   -6.90     2.68  (-12.87,  -0.93)    -2.57    0.028  1.28 
X3*X3      -11.97   -5.99     3.04  (-12.75,   0.78)    -1.97    0.077  1.29 
X4*X4      -17.72   -8.86     2.65  (-14.76,  -2.96)    -3.34    0.007  1.22 
X1*X2        1.25    0.63     3.05  ( -6.17,   7.43)     0.21    0.842  1.02 
X1*X3        2.08    1.04     2.83  ( -5.27,   7.35)     0.37    0.721  1.28 
X1*X4       -1.05   -0.53     2.97  ( -7.15,   6.10)    -0.18    0.863  1.19 
X2*X3        4.28    2.14     2.96  ( -4.45,   8.73)     0.72    0.486  1.14 
X2*X4        0.16    0.08     3.06  ( -6.75,   6.91)     0.03    0.980  1.00 
X3*X4       15.57    7.79     3.31  (  0.40,  15.17)     2.35    0.041  1.39 
 
 
Response Optimization: M 
Parameters 
Response  Goal     Lower  Target  Upper  Weight  Importance 




                                                        M     Composite 
Solution  X1    X2       X3       X4       Types      Fit  Desirability 
1         1500  2.54545  172.727  1.50909  BH     207.194       1.00000 
2         1500  2.20107  249.687  1.60530  BH     203.867       0.83821 
3         1500  2.37517  84.6663  1.31736  BH     203.829       0.83267 
4         1500  3.45173  241.909  1.56450  BH     201.208       0.45828 
 





Analysis of Variance 
 
Source     DF     Seq SS  Contribution     Adj SS     Adj MS  F-Value  P-Value 
Model      16  337534321        98.61%  337534321   21095895    44.33    0.000 
  Linear    6  332958086        97.27%  324608043   54101341   113.68    0.000 






    X2      1     843230         0.25%     488083     488083     1.03    0.335 
    X3      1     808657         0.24%     431336     431336     0.91    0.364 
    X4      1     901354         0.26%     798237     798237     1.68    0.224 
    Types   2  325838407        95.19%  312513323  156256661   328.33    0.000 
  Square    4    3421985         1.00%    3243140     810785     1.70    0.225 
    X1*X1   1     253972         0.07%        139        139     0.00    0.987 
    X2*X2   1     573316         0.17%        414        414     0.00    0.977 
    X3*X3   1     543088         0.16%    1381514    1381514     2.90    0.119 
    X4*X4   1    2051608         0.60%    2112737    2112737     4.44    0.061 
  2-Way Int.6    1154251         0.34%    1154251     192375     0.40    0.860 
    X1*X2   1     518648         0.15%     522030     522030     1.10    0.320 
    X1*X3   1      15245         0.00%       5090       5090     0.01    0.920 
    X1*X4   1       8404         0.00%       5071       5071     0.01    0.920 
    X2*X3   1      40769         0.01%      40769      40769     0.09    0.776 
    X2*X4   1       2704         0.00%       2704       2704     0.01    0.941 
    X3*X4   1     568481         0.17%     568481     568481     1.19    0.300 
Error      10    4759117         1.39%    4759117     475912 





      S    R-sq  R-sq(adj)     PRESS  R-sq(pred) 





Term       Effect   Coef  SE Coef      95% CI      T-Value  P-Value   VIF 
Constant            2529      434  ( 1562,  3497)     5.82    0.000 
X1           -468   -234      207  ( -696,   227)    -1.13    0.284  1.16 
X2            434    217      214  ( -260,   694)     1.01    0.335  1.16 
X3            398    199      209  ( -267,   665)     0.95    0.364  1.17 
X4           -605   -303      234  ( -823,   218)    -1.30    0.224  1.36 
Types 
  BH         9810   4905      192  ( 4476,  5334)    25.49    0.000  1.40 
  Cyclone   -4066  -2033      189  (-2454, -1612)   -10.75    0.000  1.35 
  LF        -5744  -2872      189  (-3292, -2451)   -15.21    0.000     * 
X1*X1          11      5      308  ( -681,   692)     0.02    0.987  1.31 
X2*X2         -18     -9      302  ( -681,   664)    -0.03    0.977  1.28 
X3*X3        1165    582      342  ( -179,  1344)     1.70    0.119  1.29 
X4*X4        1257    628      298  (  -36,  1293)     2.11    0.061  1.22 
X1*X2        -720   -360      344  (-1125,   406)    -1.05    0.320  1.02 
X1*X3         -66    -33      319  ( -743,   677)    -0.10    0.920  1.28 
X1*X4         -69    -35      335  ( -780,   711)    -0.10    0.920  1.19 
X2*X3        -195    -97      333  ( -839,   644)    -0.29    0.776  1.14 
X2*X4          52     26      345  ( -743,   795)     0.08    0.941  1.00 




Regression Equation in Uncoded Units 
 
Types 
BH       T = 19240 + 2.33 X1 + 1142 X2 + 5.9 X3 - 19678 X4 + 0.00003 X1*X1 -
  9 X2*X2 + 0.0460 X3*X3 + 6981 X4*X4 - 0.800 X1*X2 - 0.00065 X1*X3 -
 0.26 X1*X4 - 0.87 X2*X3 + 87 X2*X4 - 12.1 X3*X4 
 
Cyclone  T = 12303 + 2.33 X1 + 1142 X2 + 5.9 X3 - 19678 X4 + 0.00003 X1*X1 -
  9 X2*X2 + 0.0460 X3*X3 + 6981 X4*X4 - 0.800 X1*X2 - 0.00065 X1*X3 -
 0.26 X1*X4 - 0.87 X2*X3 + 87 X2*X4 - 12.1 X3*X4 
 
LF       T = 11464 + 2.33 X1 + 1142 X2 + 5.9 X3 - 19678 X4 + 0.00003 X1*X1 -
  9 X2*X2 + 0.0460 X3*X3 + 6981 X4*X4 - 0.800 X1*X2 - 0.00065 X1*X3 -












Response  Goal     Lower  Target  Upper  Weight  Importance 





                                                            T     Composite 
Solution  X1       X2       X3       X4       Types       Fit  Desirability 
1         1500     4        190.909  1.57576  LF     -762.191       1.00000 
2         1500     4        300      1.8      LF     -162.920       1.00000 
3         600      2        75       1.2      LF       79.211       1.00000 
4         822.568  3.64055  232.837  1.62765  LF      115.000       1.00000 
 
 




Response  Goal     Lower  Target  Upper  Weight  Importance 
M         Maximum    200     205              1           1 





                                                           M        Y     Composite 
Solution  X1       X2       X3       X4       Types      Fit      Fit  Desirability 
1         1500     2.56566  159.091  1.47879  BH     207.098  57.6308       1.00000 
2         1488.94  2.32236  251.200  1.52289  BH     203.748  54.6815       0.83778 
3         1500     2        75       1.38090  BH     202.801  54.6242       0.71977 
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